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FINAL REPORT
Characterization of the Placental Vascular Tree as a Biomarker of Autism/ASD risk.
Carolyn M. Salafia, M.D., M.S, (PI)
Award: W81XWH-10-0626

1. INTRODUCTION

The overall aim of this multidisciplinary project was to determine the correlation between patterns of
branching growth at all levels of the vascular tree in placentas with diagnoses of autism spectrum disorder
(ASD), as compared to two sets of population derived controls, one with diagnoses of special education
needs (SEN) and a second with “normal” neurodevelopmental outcomes. We also sought to establish
grounds for the development of a risk assessment tool built on measures of placental shape and structure that
can be performed on all infants at birth to improve identification of children who are at increased risk of
ASD for early screening and diagnosis. In this project we measured the branching of larger blood vessels on
the surface of the placenta (2D), the placental shape (that contains the placental vascular fractal), and the
branching structure of the fine vessels of the thickness of the placenta (3D). Our intent also was to analyze
the maternal medical and gestational factors that may have led to differences observed between the ASD
group, a group of children with other special educational needs and healthy control children. We also present
comparable analyses of the placentas of the Early Autism Risk Longitudinal Investigation (EARLI), a cohort
of newborns in families with an older sibling diagnosed with ASD and thus at high risk for development of
ASD, and the National Children’s Study (NCS) a low ASD risk population based cohort.

2. KEY WORDS
Autism, prenatal origins, branching morphogenesis, placenta, placental shape, placental vasculature

3. OVERALL PROJECT SUMMARY

The placental examination and dissection, and the subprojects were drawn from a nested case control study
of the placental archive of the Avon Longitudinal Study of Parents and Children (ALSPAC). The proposed
case group included 56 children in the cohort with archived placentas who have been diagnosed with ASD.
Two control groups of children were available from the same cohort, one group with special education needs
but not a diagnosis of ASD, and one group with no diagnoses related to neurodevelopmental pathology, at a
3:1 ratio to cases.

Based on our analyses, we conclude that:

1. The chorionic surface vasculature in most cases of ASD differs from that of controls. The differences
in the placental chorionic surface networks are most striking in the arterial networks, with similar but
generally smaller effects seen in the venous networks. These differences consist of a total reduction in
the number of branch generations although not in a change in the number of vessels originating off
the umbilical cord, a reduction of almost 42.5% in vascular branch points, total vascular surface
length and failed extension of the chorionic vessels over the full surface of the placenta chorionic
plate (measured by an increased distance of vessels from the perimeter), and altered angles of vascular
branching. (Table 1). These reductions are common to ASD males and ASD females. (Table 2)

2. There is a striking bimodal distribution of chorionic surface vascular parameters within ALSPAC
ASD cases, with the majority showing a ~40% reduction of chorionic surface branch points compared
to controls but 6 cases with markedly increased placental chorionic surface branching, greater than
one standard deviation above the mean for normal controls. (Figure 1) The two groups of ALSPAC
ASD cases cannot be distinguished by gender, or gestational age or extremes of birth weight or
placental weight. We speculate, since pertinent data are not available from ALSPAC, that this reflects
heterogeneity within the ASD population as it was determined in the early-mid 1990’s, and that these
ASD “outliers” with marked surface hypervascularity are cases of ASD diagnosed in genetic
syndromes that currently are excluded from the spectrum of ASD (e.g., Fragile X, Rett’s syndrome,



etc). These cases have been excluded from all analyses (including (1), above). We propose this
because in the ALSPAC cohort, the ASD sparse-vascularized group shares essentially the identical
mean and SD of placental chorionic surface branch points with the high ASD risk EARLI (Early
Autism Longitudinal Investigation) cohort of newborns in families with an older child who has an
ASD diagnosis (Table 3), while the ALSPAC controls and the low ASD risk National Children’s
Study have essentially identical chorionic vascular parameters. Figure 2a-c presents the original
photograph from which placental chorionic surface vascular networks are traced with the completed
tracing, extracted, on the right, as arterial and venous networks. Figures 3a-c include representative
chorionic surface vascular networks of NCS placentas, and EARLI placentas both with arterial
branchpoints at the mean and 1 SD above the mean.

No gender dimorphism of vascular network structure is appreciated in ALSPAC ASD cases or
neurodevelopmentally normal controls in EARLI as a whole or stratified by gender. (Tables 2-3)

. There is a statistically significant difference in ALSPAC ASD placental chorionic surface shape, with
reduced maximum radius, and reduced standard deviation of the radius of the chorionic surface
shape, compared to placentas of neurodevelopmentally normal control children. (Table 4) This
contrasts with last year’s report (see discussion, following).

. There is a statistically significant reduced eccentricity of the umbilical cord insertion, as compared to
placentas of neurodevelopmentally normal control children. (Table 5) This contrasts with last year’s
report (see discussion, following).

. After stratification by gender, these findings are also generally preserved, although significance is
attenuated among females with ASD due to the extremely small sample size for females. (Tables 4-5)

Differences in these measures carry over into the range of the ASD phenotypes, with significant
differences in placental shape features when stratifying on either social understanding phenotype or
on “repetitive stereotyped behaviour” phenotype. (Tables 6-7)

. There are no statistically significant differences in the slice dimensions of ALSPAC ASD placentas as
compared to the control group although the limited sample size in ALSPAC may restrict inference.
(Table 8) However, EARLI placentas have significantly different slice dimensions when compared to
a large birth cohort of ~1000 placentas with similar measurement data. (Table 9) When comparing
ALSPAC ASD cases and controls (Table 10, Figures 6a-h, small sample size), and when comparing
high ASD risk EARLI placentas with low ASD risk NCS placentas (Figures 7a-c) there appear to be
different trajectories of villous arborization from the center to the perimeter of the placental chorionic
disk, with EARLI placentas showing reduced central placental disk thickness but greater preservation
of that level of arborization extending to the perimeter, while NCS placentas show more variability
throughout the distance from placental disk centroid to edge. This is consistent with our empirical
DLA model of placental growth which predicted variability in perimeter would be correlated with
variability in thickness/villous arborization. EARLI placentas have less perimeter variability and less
variability in disk thickness. EARLI placentas are, however, thinner in the more central regions of the
placenta near the umbilical cord insertion, the relatively “older” portions of the placenta.

. There is a statistically significant reduction in placental weight (~100 g, 20% of the weight of a
normal term placenta) for female ASD cases compared to female normal controls. (Table 5) We
anticipated a decrease in volume compared to both groups of controls. However, there was no
statistically significant difference in volumes. (Table 5) This suggests that the placentas of girls with
ASD, which weigh less, but occupy the same volume, are “built” differently, with relatively reduced
branches despite similar length of the fetal stem anchoring villi. This would be consistent with our
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previous finding of an alteration in beta, a measure of the integrity of the placental vascular fractal, in
ASD cases compared to female normal controls.

10. The relationship between placental chorionic surface vessels and the underlying placental disk
parenchyma dependent on those vessels differ in ASD cases as compared to controls. This was
demonstrated in an analysis of the undeformed ALSPAC 3D scans with companion flat 2D placental
chorionic surface photographs., While the distribution of chorionic plate vessel segments did not
differ between the two groups and there was no statistically significant difference in mean disk
thickness between ASD cases and controls, both the maximum placental disk thickness and the
standard deviation of placental disk thickness were significantly reduced significantly between ASD
cases and controls. (Figure 5, Table 12) We interpret this as overall supportive of our global
impression of ASD placentas being more constrained, less variable in shape, cord insertion, with more
restricted arborization (reduced maximum thickness) and less “flexibility” in arborization (reduced
variability in disk thickness).

These findings support our hypothesis that placentas in ASD show alteration of the branching
structures known to be determined by the midtrimester (placental chorionic surface vascular
networks) compared to terminal villi which are mainly formed after this period. Thus placental
chorionic surface vascular network variance may parallel aberrant neuronal networks in ASD both in
terms of altered placental chorionic surface vascular branching and in gestational period of effect.
While microscopic analysis of shape and structure was not a stated goal of this grant, because of the
observation of reduction in placental weight without a comparable change in volume suggesting different
“compositon” of villous parenchyma in ALSPAC ASD cases as compared to controls, and reports that
villous maldevelopment (in the form of “trophoblast stromal inclusions”, TSI), we have examined both the
gross structure of microdissected terminal villous clusters and the terminal villous microvascular structure
(the end-vascular capillary distribution of the surface chorionic arterial and venous networks), and neither
appear to be simplified in ALSPAC ASD cases compared to matched controls.

Because of the potential value of any perinatal biomarker for ASD risk screening, we have continued to
pursue shape analysis at the microscopic level by developing highly specific immunohistochemistry (IHC)
approach for detection and classification of the villous distribution of cytokeratin-7 (CK-7), a marker of
placental trophoblast, the villous “skin” (Figures 11 a-d). TSIs have been suggested to be more common in
the placentas of newborns with an older sibling with ASD (thus comparable to our EARLI cohort), however,
no study to date has examined a population based cohort of ASD placentas such as has been created by this
grant, with ALSPAC cases and controls. A pilot blinded review of 80 slides, from 20 ASD cases and
matched controls did not demonstrate an increased number of TSIs in our ALSPAC ASD cases. We
consider this finding, albeit preliminary, to be significant. Our population is unique in that studied placentas
searched for this villous feature belong to a population based cohort that includes case children with
formally diagnosed ASD cases and controls known to be without neurodevelopmental disability. TSlIs are
suggested to mark increased villous surface complexity, with the greater surface irregularity leading to more
common appearance of an inclusion of surface trophoblast epithelium in the villous core or stroma. Our
cases are children actually diagnosed with (and not merely at risk for) ASD. Given our finding of bimodal
placental chorionic surface vascular branching measures (majority sparse, a minority with increased
complexity) in ALSPAC ASD cases, but not EARLI (high risk with case status yet to develop) placentas,
we predict increased villous surface complexity would only mark a minority of ASD children, and
potentially those with concurrent diagnoses in addition to ASD.

Our analysis method utilizes digitized slides, slides which have been processed such that the image
information contained on them is converted into a viewable file on any computer screen. Our algorithm has
set minimal criteria for irregularities of the villous surface and identification of regions of interest (ROISs)
with potential TSIs. These regions of interest (ROIs) are saved as an annotation of the analyzed slide. The
slide with annotation and the same region of a serial section stained with routine hematoxylin and eosin (the
current published method for identification of TSIs) will be reviewed by specialist pathologists. Three
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pathologists (Carolyn M. Salafia MD MS (PI), Theonia Boyd, MD, Harvard Medical School, and Drucilla J.
Roberts, MD, Brigham and Women’s Hospital, Boston, MA) are participating in validation of TSI
identification on H&E and IHC stained slides. We expect some ongoing level of algorithm refinement to
optimize the IHC computational algorithms for automated digitized slide review and to develop a validated
algorithm for identification of TSIs in routine stains. Since the frequency of TSIs was reported only rarely as
more than 3 per histological slide (<<1 of villi), our approach will reduce expert pathologists’ time for slide
review, validate diagnostic criteria for TSls in routine H&E and in IHC slides, and confirm or refute the
value of this marker as a perinatal predictor of ASD risk.

The differences between last year’s observations and those from the final data result from our decision to
exclude data from cases of deformed placentas in which placental chorionic surface and disk thickness (from
digital photographs or 3D scans) were extrapolated from photographs or from 3D scans. We determined that
our methods of decrumpling and uncurling shapes or slices, while seemingly mathematically
straightforward, did not yield measures that were consistent with naked eye inspection of original images or
the ruler measures provided in real time by Dr. Craig Platt at Bristol, UK, in the original processing of the
placenta. The degree of extrapolation to placental areas that cannot be seen directly in the scan (areas in a
folded shape being inaccessibly to the scan cameras) or are deformed (curled) in a digital image renders data
which is not comparable to what is directly measured from well-preserved specimens. Since there were ~3
controls per ASD cases, the error caused by these failed assumptions had the greater effect of reducing
variable shape measures in the larger population.

These findings support our original hypothesis that the placental vascular tree is altered in ASD,
although heterogeneity in ASD diagnosis in the mid 1990’s, and the effective small sample size, may
limit the significance of our observations. We will continue to extend these methods to the EARLI
cohort as they reach the age at which ASD diagnoses can be determined, and to population-based -
and actively accruing-- case-control cohorts we have established in our home institutions. The
alterations suggest a globally reduced flexibility of the placenta as it grows within the uterus, which
may both mark the ASD placenta, and create a risky prenatal environment that may set the fetus up
for injury with any subsequent exposure (e.g., inflammation, oxidative stress).

We clearly demonstrate that the placenta in ASD differs from population-based controls, and that

with increased ASD risk (EARLI compared to NCS), similar differences are found. Discarding the
placenta is a missed opportunity, in terms of perinatal biomarkers and in understanding the causal
chain that leads to ASD.

Original Proposal:

ASD reflects a range of disordered and impaired brain development which leads to a lifelong course of
behavioral and cognitive abnormalities. Diagnosis cannot formally be made prior to age two and at this
point there is a lack of behavioral and biologic markers that we can use to predict its onset. Early predictors
could lead to early interventions which might significantly improve the lives of those affected. We intend to
use the fact that the same biochemistry that controls the branching of nerves also controls branching of
blood vessels. Unlike the nerve networks in the living human brain, the branching of the blood vessels in a
child’s placenta (that is generally discarded after birth without any examination) can be photographed and
dissected. Our methods have expressly focused on the capture of potentially key placental vascular features
using equipment and procedures that could be performed at any hospital delivering a baby in the US. Thus,
if successful, our work could lead to the routine examinations of placentas at birth to provide a noninvasive
newborn screening test to identify children at high risk for developing ASD.

In this project we will measure the branching of larger blood vessels on the surface of the placenta (2D), the
placental shape (that contains the placental vascular fractal), the branching structure of the fine vessels of
the thickness of the placenta (3D), and analyze the maternal medical and gestational factors that may have
led to differences observed between the ASD group, a group of children with other special educational
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needs and healthy control children. We have developed and will apply new tools to analyze digital images of
placental blood vessel branching, as well as the mathematics required to analyze the complex patterns of
this placental branching architecture. In addition to its use as a biomarker, the application of these
techniques has the potential to both clarify the pathologic anatomy of ASD, and to determine when during
pregnancy ASD might have developed.

Any model generated in a single population will require validation prior to its general use in public health
screening. Collection of a new cohort and confirmation of positive results from this study have been
generated in each year of our award as preliminary data in families with an autistic child (in placentas of
subsequently delivered infants who will begin to be able to be evaluated for ASD within the next 6 months).
Thus, this research is being applied in current studies of high ASD risk siblings (EARLI), PI: Craig
Newschaffer, PhD) and the Markers of autism risk in babies learning early signs, (. Marbles) (P1: Cheryl
Walker, MD, UC Davis, Mind Institute) networks, and shows early promise of being able to rapidly
contribute to our understanding of the likely pathways of disordered neurodevelopment in the highly
heterogeneous spectrum of ASD.

Task: Placental processing: P.1.: Carolyn M. Salafia, MD, MS, NYS Institute for Basic Research in
Developmental Disabilities (IBR), 1050 Forest Hill Road, Staten Island, NY, 10314. Co-Investigators: Dr
Craig Charles Platt, Consultant Perinatal Pathologist and Ms Roisin Armstrong University Hospitals
Bristol NHS Foundation Trust and Professor Jean Golding, Sue Ring, PhD, Mr Colin Steer, Ms Amanda
Carmichael, ALSPAC, University of Bristol, Bristol, UK. There is no animal or human use at any of the
above addresses except for use of archived anonymized placental specimens only at ALSPAC.

The specified placentas will be photographed and grossly processed according to protocols that Dr. Salafia
previously implemented successfully in a birth cohort, and upon which placental protocols for the U.S.
National Children’s Study are based. These protocols will yield chorionic surface photographs that image
the 2-D chorionic surface vascular tree and serially blocked regions of the placental parenchyma from
which serial sections of histologic slides can be digitized to reconstruct the 3-D (finer) chorionic vascular
branched tree.

Timeline: The 392 placentas will be fully examined, dissected and tissues processed in the first 3 months of
Year 1.

Status: The final placental sample size now totals 348 placentas: 53 ASD cases, 145 non-ASD/non-SEN
controls, and 150 SEN controls. The reasons for the sample size change have been previously noted. *

To measure placental shape and structure, the protocol included obtaining:
1. 3D scans of the whole placenta
2. 2D photographs of fetal surface and the sliced placental disk
3. Histology samples of umbilical cord, extraplacental membranes, and placental villous parenchyma

For the purposes of this proposal, we expected the ALSPAC Executive Committee to select materials from
those placentas preserved flat in casks of formalin as shown to the PI during multiple visits to the ALSPAC
placental storage facility. Unfortunately, the ALSPAC Executive Committee chose to provide the placentas
from a separate cohort obtained from a private community hospital. These placentas were collected by
ALSPAC staff and not preserved by the Department of Pathology with usual processing methods. Instead,
they were placed in hard plastic buckets that were generally smaller in dimension than the placental
chorionic plate surface. Once fixed, this resulted in generally moderate to severe deformation of the
placental shape and surface. The placentas were also not completely covered with formalin preservative.
This, combined with ill-fitting non-air-tight bucket lids, resulted in formalin evaporation and pigment
deposition on histology slides created from tissue samples of this material. This deformation of shape
affected our ability to analyze 3D meshes, the 2D photographs of the placental surfaces and slices, and the



formalin precipitation has rendered image segmentation of histology samples problematic. ALSPAC
placental materials received included:

Total # of placentas received: 373  Total with DX: 348

Total # with analyzable 3D scans: 179 (51%) including 63 (35%) with some degree of deformation
that has been manipulated within the 3D software

Total # with deformed scans that cannot be “meshed” 53 (15%)

Total # with no 3D mesh received 116 (33%)

Total number of fetal surfaces traced 160 (45%), which is 100% of those images that can be traced,
with 192 cases (55%) providing unanalyzable photographs due to surface deformation or because no
photographs were received.

Total number of placental slice images traced 149 (42%)

The Pl analyzed 2D and 3D images and tissue samples from 223 cases from the ASD family study that is the
EARLI network of Dr. Craig Newschaffer and colleagues. While these infants have, of course, not been
diagnosed with ASD, they do reflect the placental arborization of families in which a tendency to the
neuropathology that results in a diagnosis of ASD has been made. As the oldest of these infants was born in
late 2009, these children will soon have all undergone standardized testing germane to a definitive ASD
diagnosis. Furthermore, these children have undergone extensive developmental testing at 6 and 12 months
and so continuous measures of ASD characteristics and precursors might also be examined prior to
identification of the cases.

The change from the original proposal is 3(~5%) of the mothers with children subsequently diagnosed with
ASD had not given consent for the placentas to be part of subsequent research protocols. A higher
percentage of the SEN controls (~ 10%) and normal (non-ASD/non-SEN) controls (~13%) had also not
provided consent. Thus a total of 53 cases plus 18 special education needs controls matched controls and 23
non-ASD/ non-SEN controls were also not included in the sample of placentas for analysis.

SUBPROJECT 1: ANALYSIS OF 2-D CHORIONIC SURFACE VASCULATURE

P.1.: Carolyn M Salafia, MD, Institute for Basic Research (IBR), 1050 Forest Hill Road, Staten Island, NY,
10314.

Co-Investigators: Michael Yampolsky, PhD, Department of Mathematics, University of Toronto, 105
George St, Toronto, ON M5A 2N4, Canada; Dawn P. Misra, PhD, Wayne State University, 3939 Woodward
Avenue, Detroit, MI, 48201; Richard K. Miller, PhD, Department of Obstetrics and Gynecology, University
of Rochester Medical Center (URMC), 601 EImwood Avenue, Room 7-7550, Rochester, NY, 14642. (Note
that there is use OF WHAT at any of the above addresses; use of archived anonymized digitized files only).

The chorionic surface vascular tree (laid down early in gestation, consistent with critical exposures periods
for valproate and thalidomide on ASD risk) will be extracted from the digital photographs of the chorionic
surface.

Status: Significant differences in the placental chorionic surface networks have been obtained from the
ALSPAC cohort and replicated in a comparison of placental chorionic surface vascular networks in a high
ASD risk (EARLI) and low risk (NCS) cohorts. We noted a bimodal distribution of vascular branch point
numbers in ALSPAC ASD cases, with the majority of ASD cases with reduced numbers and 6 cases with
strikingly increased vascular branching, greater than 1 standard deviation above the mean expected for
normal (ALSPAC control) and low ASD risk (NCS) infants’ placentas (Figure 1). We speculate that this
bimodality reflects heterogeneity in ASD diagnosis in the 1990°s compared with contemporary practice, as
Rett’s Syndrome and Fragile X Syndrome were not distinguished from ASD proper at that time. Data were
not available to confirm this; however, this will be the subject of future study by our group.



Figure 1. Distribution of numbers of arterial branch points in the chorionic surface vascular networks
in ALSPAC ASD cases and controls.

Excluding the 6 outliers, there are striking
differences in the placental chorionic surface
arterial networks, with similar but generally
smaller effects seen in the venous networks. These
differences consist of a total reduction in the
number of branch generations (although not in a
change in the number of vessels originating off the
umbilical cord), a reduction of almost 42.5% in
vascular branch points, reduced total vascular
surface length and decreased placental chorionic
surface vessel extension to the perimeter, and
altered branching angles. (Table 1). The values for
the ALSPAC ASD cases, excluding the distinct
outliers, were similar to those found in the EARLI cohort (Table 2). In neither cohort was there a strong
gender distinction; small sample sizes for female ALSPAC ASD cases limit the power of significance tests.
All tables exclude the 6 hypervascular ASD cases.

We used two other methods to explore aspects of the placental chorionic surface vessels networks, namely
spline regression and data reduction/Principal Components Analysis. Multiple Adaptive Regression Splines
(MARS, Salford Systems, CA, USA) examines data and determines whether relationships of given
predictors to outcome measures are better represented by non-linear functions. Splines, points at which the
predictor-outcome relationship changes, are not allowed to be discontinuous (i.e., the spline regression must
be a single, if albeit broken, line). We have analyzed both the ALSPAC ASD cases and their controls, and
the EARLI (high ASD risk) - NCS (low ASD risk) data sets of placental chorionic plate vessel variables.
Spline regression determined that gender had no influence on the relationship among the 60 placental
chorionic vessel measures, or the relationship of a subset of 6 variables (branch generation number, arterial
branch point number, distance of vessels from the disk perimeter, distance between arteries and veins on the
surface, branching angle, and vessel tortuosity) chosen because of highest loadings on extracted factors,
given the limitations of small sample size) to birth weight variance, or ASD case/control status. In EARLI
and NCS, separately and analyzed in combination, no difference in relationships of any one or group of
placental chorionic plate vessel variables was attributable to infant gender.

The ALSPAC cohort may fail to detect significant correlations due to its limited sample size, but none of 6
factors identified independently in ALSPAC ASD cases and in controls were intercorrelated at p<0.05 after
correction for multiple comparisons. Likewise, in EARLI and NCS, much larger cohorts, correlations
between factors extracted to account for variance in placental chorionic surface vessel variables in EARLI
were uncorrelated with a similar number of factors extracted from the same variables in the NCS cohort, nor
was there an effect of gender on factor relationships.

Table 1 provides the descriptives and highlights variables that in univariate analyses differed between
ALSPAC ASD cases and controls. It should be noted that there is a greater number of arterial variables that
differed between ALSPAC ASD cases and controls, as well as the increased significance of these arterial
measures, as compared to venous variables. While significance was attenuated in female ALSPAC ASD
cases (due to the small sample size), trends were similar to those in male ALSPAC ASD cases (Table 2).
We have similar findings in EARLI as compared to NCS (Table 3, Figure 2 (a-c)

Given that a major driving force in branching angiogenesis is oscillation or pulsatility of flow, we
hypothesize that potentially the decreased electrical excitability in vivo of neurons treated with



valproate, a known risk factor for ASD when exposure is in the period in which major chorionic
surface vascular networks are laid down, translates in changes in fetal heart rate variability that
affect pulsatile flow on the placental surface in early pregnancy. We have found no association of
number of branches off the umbilical cord insertion (the earliest developed and thus oldest) portions
of the placental chorionic surface vascular networks in either ALSPAC ASD cases as compared to
controls, or in EARLI compared to NCS. There appears to be no ASD- associated effect on the early
vasculogenic period of placental vascular organization (<6 weeks gestation), with placental chorionic
surface vascular correlations confined to the those elements of the chorionic surface vasculature laid
down after the onset of the fetal heart beat.

Table 1. Descriptive statistics for selected placental chorionic surface vascular variables, with bolded
items marking variables that differed significantly between ALSPAC ASD cases and controls.

Mean SD Min Max | P value
. Controls 29.6 79 16.8 49.0 .009
Arterial Surface Area ASD 3.0 6.2 152 39.6
. . Controls A2 .03 .08 19 .045
Arterial Surface Area Ratio ASD 11 02 08 16
Arterial Number of Branch Controls 10.5 1.9 7 15 .026
Generations ASD 9.1 1.6 6 12
Arterial Number of Branches off the Controls 2.2 .6 1 3 182
Umbilical Cord ASD 25 g 2 4
. . Controls 40.0 10.9 23 63 .001
Arterial Number of Branch Points ASD 282 81 18 0
. . Controls 42.2 10.7 26 65 .001
Arterial Number of End Points ASD 30.7 78 21 22
. Controls 130.0 27.7 85.5 205.7 .002
Arterial Total length ASD 1014 | 263 | 625 | 1624
Arterial Volume Controls 291 1.23 1.30 6.19 .046
ASD 2.17 .78 1.33 3.94
. . Controls 15 .03 10 21 .558
Arterial Mean Thickness ASD 15 03 17 52
. . Controls .09 .02 .06 14 .904
Arterial SD of Thickness ASD 09 02 06 12
. . ) Controls 2.09 52 1.22 3.59 .020
Arterial Mean Distance to Perimeter ASD > 48 19 137 323
Arterial Mean Distance from Controls 1.99 42 1.26 2.94 .007
Vascular End Point to Perimeter ASD 2.38 46 1.46 3.21
\Venous Surface Area Controls 46.27 11.43 24.12 | 74.83 .018
ASD 37.04 12.01 25.40 | 66.91
) Controls 10 2 7 15 .087
'Venous Number of Branch Generations ASD 9 1 7 11
'VVenous Number of Branches off Controls 3 1 2 4 .652
Umbilical Cord ASD 3 1 2 3
. Controls 41 14 23 66 .016
'Venous Number of Branch Points ASD 31 1 12 £4
Controls 134.84 28.91 89.45 |209.14| .005
Venous Total Length ASD 107.13 | 29.68 | 6502 |163.21
) . Controls 2.03 .53 1.14 3.64 .017
Venous Mean Distance to Perimeter ASD 245 59 129 3.0
'Venous Mean Distance from Controls 2.01 49 1.28 3.31 .033




Vascular End Point to Perimeter ASD 2.36 51 1.34 3.28
Arterial M B b Angl Controls 89.10 5.05 7953 |103.47| .575
rierial viean branch Angle ASD 88.10 | 6.42 | 79.42 | 98.37
) Controls 51.65 2.34 4772 | 56.43 .508
Arterial SD of BranchAngle ASD 5110 | 2.97 | 4407 | 55.83
. . Controls 1.76 1.29 32 5.02 .001
Arterial Minimum Branch Angle ASD 410 331 54 10.86
. ) Controls 176.7 3.6 .042 163
Arterial Maximum Branch Angle ASD 1781 135 053 116 055

Table 2. Descriptive statistics for vascular variables, split by gender; bolded items mark variables that
differed overall between ALSPAC ASD cases and controls (see Table 1). Male subgroup with 11 ASD
cases and 24 controls, female subgroup with 3 ASD cases and 7 controls.

Gender Mean SD Min Max
Arterial Surface Area Controls 29.28| 6.58| 19.31 46.24
ASD 23.49| 6.43| 15.16 39.59
. . Controls 13 .02 .09 .19
Arterial Surface Area Ratio ASD 11 02 08 16
Arterial Number of Branch Controls 10.79| 1.96 7 15
Generations ASD 9.18| 1.78 6 12
Arterial Number of Branches off the Controls 2.25 .61 1 3
Umbilical Cord ASD 2.55 .69 2 4
) . Controls 40.25| 9.64 24 60
Arterial Number of Branch Points ASD 28.07] 795 18 39
) . Controls 4250 9.39 27 62
Arterial Number of End Points ASD 3082 767 o1 a1
) Controls 130.37| 24.72| 93.03| 205.68
Arterial Total length ASD 101.45| 26.16| 6253| 162.40
Arterial Volume Controls 2.82 .99 1.30 4.87
ASD 2.28 84| 1.40 3.94
. . Controls 15 .03 .10 21
| Arterial Mean Thickness ASD 15 03 17 57
Male . ) Controls 08 .02 .06 14
Arterial SD of Thickness ASD 09 02 06 17
) ) . Controls 2.01 A6 1.22 2.93
Arterial Mean Distance to Perimeter ASD 257 39 200 323
Arterial Mean Distance from Vascular [Controls 1.92 A2 1.26 2.94
End Point to Perimeter ASD 2.44 40 1.76 3.21
\enous Surface Area Controls 4480| 9.76| 27.89 72.02
ASD 3752 12.29| 25.40 66.91
) Controls 19 .02 .15 .24
Venous Surface Area Ratio ASD 17 03 17 54
. Controls 9.83| 1.97 7 15
Venous Number of Branch Generations ASD 882 133 7 11
'Venous Number of Branches off Controls 2.50 51 2 3
Umbilical Cord ASD 2.55 52 2 3
. Controls 40.38| 12.61 23 64
Venous Number of Branch Points ASD 29.91] 886 12 1
VVenous Total Length Controls 133.37| 25.57| 89.44| 193.00




ASD 106.24| 27.81| 65.02| 163.21

. . Controls 1.98 A48 1.14 2.88

'Venous Mean Distance to Perimeter ASD 550 a1 20 323
. Controls 89.68| 5.19| 79.53| 103.47
Acrterial Mean Branch Angle ASD 37361 6.60] 79.41 98.37
. Controls 51.43| 2.48| 47.72 56.43
Acrterial SD of BranchAngle ASD 5100 3301 24.03 EE 83
. .. Controls 1.94| 1.35 .36 5.02
Arterial Minimum Branch Angle ASD 456 357 111 10.86
. ) Controls 178.38| 1.16|175.40| 180.00
Arterial Maximum Branch Angle ASD 176.07| 3.90|168.58| 179.87
Arterial Surface Area Controls 30.65| 12.08| 16.75 48.99
ASD 21.19| 5.80|17.552 27.88

. . Controls 116 .03 .08 .16
Arterial Surface Area Ratio ASD 099 03 08 13
. . Controls 957 1.72 7 12
Arterial Number of Branch Generations ASD 9.00] 1.00 3 10
Arterial Number of Branches off the Controls 2.14 .69 1 3
Umbilical Cord ASD 2.33 .58 2 3
. . Controls 39.00| 15.42 23 63
Arterial Number of Branch Points ASD 28.001 10.39 % 0
. ) Controls 41.14| 15.08 26 65
Arterial Number of End Points ASD 30331 10.12 24 1
. Controls 128.93| 38.57| 85.48| 190.73
Arterial Total Length ASD 101.32| 32.95| 71.35| 136.60
Arterial Volume Controls 3.22) 193] 140 6.19
ASD 1.78 45| 1.33 2.23

) . Controls .15 .03 A1 21
Arterial Mean Thickness ASD 12 02 13 17
. . Controls .09 .02 .06 12
Femnale Arterial SD of Thickness ASD 08 o1 07 09
. . . Controls 2.34 .65 1.45 3.59
Arterial Mean Distance to Perimeter ASD 515 76 137 589
Arterial Mean Distance from Vascular [Controls 2.21 .39 1.49 2.65
End Point to Perimeter ASD 2.16 72 1.46 2.90
\enous Surface Area Controls 51.30| 15.80| 24.12 74.83
ASD 35.29| 13.28| 25.98 50.50

) Controls .20 .04 12 .25

Venous Surface Area Ratio ASD 17 06 17 4
. Controls 10.00| 2.000 8 13

Venous Number of Branch Generations ASD 9.00] 2.000 7 11
Venous Number of Branches off Controls 2.86| .690 2 4
Umbilical Cord ASD 2.33| 577 2 3
. Controls 43.57| 18.35 25 66

Venous Number of Branch Points ASD 33.001 19.00 17 54
\enous Total Lenath Controls 140.01| 40.39| 89.71| 209.14
9 ASD 110.34| 42.91| 68.74| 154.45

) . Controls 2.20 .70 1.36 3.64

'Venous Mean Distance to Perimeter ASD 597 94 129 316
Arterial Mean Branch Angle Controls 87.11| 4.27| 81.78 92.29
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ASD 90.82| 5.94| 85.17 97.02
Arterial SD of Branch Angle igr:)trols gijg igg iggg ggi;
Arterial Minimum Branch Angle igrgrols ;ig lgi 2421 ggg
Arterial Maximum Branch Angle ggrgrols i;ggg 1(53; gggg gggg

We find a reduced number of branch generations, as well as branch and terminal vascular points with
reduced mean vascular caliber (of both arteries and veins). In addition, both arteries and veins terminate
further from the surface perimeter, with greater variability in their termination relative to the disk perimeter.
The distances between arteries and veins throughout their course are both greater and have greater
variability. The placental chorionic vascular networks show reduced branching; we here also demonstrate
for the first time that such variations in branching growth can be quantitated. These differences are also
meaningful regards to ASD. They are large (e.g., ~40% reduction in branch points) observed in both
sporadic ASD and increased familial ASD risk cohorts compared to their controls (ALSPAC ASD as
compared to controls) or to a low risk cohort (EARLI as compared to NCS).

Table 3. Descriptive statistics for vascular variables, split by gender; bolded items mark variables that
differed overall between EARLI and NCS cohorts. N: EARLI 44 male, 29 female, NCS 100 male 97
female.

Gender Mean SD Min Max p value
] EARLI 31.94| 49.24 19.64 49.24 54
frterial Surface Area NCS 3091| 6411 1470 6411
) . |EARLI A2 .196 .000 196 40
Arterial Surface Area Ratio NCS 12 167 068 167
Arterial Number of EARLI 9.50 14 5 14 .001
Branch Generations NCS 10.98 18 6 18
Arterial Number of EARLI 2.09 4 1 4 .229
Branches off the Umbilical
Cord NCS 2.21 4 1 4
Arterial Number of EARLI 33.30 103 15 103 .000
Branch Points NCS 44.86 92 17 92
Arterial Number of End EARLI 35.39 106 16 106 .000
Mal Points NCS 47.08 94 20 94
ale
] EARLI 121.54| 214.52 62.57 214.52 .002
Arterial Total length NCS 138.96| 234.35| 80.34| 23435
Arterial Volume EARLI 3.44 6.90 1.73 6.90 .032
NCS 2.919 8.33 .95 8.33
) . EARLI A7 .26 .000 .264 ..000
Arterial Mean Thickness NCS 14 23 099 226
) i EARLI .09 13 .000 13 .001
Arterial SD of Thickness NCS 08 1o 055 1
Arterial Mean Distance to |EARLI 2.34 3.50 1.29 3.50 .003
Perimeter NCS 2.12 3.34 1.29 3.34
Arterial Mean Distance from | EARLI 2.36 3.50 1.23 3.50 .057
'Vascular End Point to
Perimeter NCS 2.21 3.39 1.52 3.39




Female

Cord

rterial SD of Distance EARLI .25 A48 1.67 .000
from \(ascular End Point NCS 18 37 124
to Perimeter
\enous Surface Area EARLI 41.18| 73.30 21.05| 73.301 181
NCS 38.10( 94.20 14.92| 94.195
] EARLI 15 .20 .00 .199 .079
Venous Surface Area Ratio NCS 14 22 07 220
Venous Number of Branch | EARLI 9.27 15 5 15 .002
Generations NCS 10.76 20 5 20
Venous Number of EARLI 2.50 4 1 4 .59
Branches off Umbilical
Cord NCS 2.44 4 1 4
VVenous Number of Branch | EARLI 32.82 66 11 66 000
Points NCS 45.37 98 16 98
EARLI 125.71| 223.29 61.10| 223.29 .007
Venous Total Length NCS 14256 258.21| 67.78] 258.21
Venous Mean Thickness |EARLI .20 .05 .001 .036 .000
NCS A7 .04 .09 .30
SD of Mean Venous EARLI 10 .03 .001 .09 .001
Thickness NCS .09 .02 .001 .036
Venous Mean Distance to |EARLI .56 .08 1.28 3.66 .006
Perimeter NCS 40 .04 1.51 3.17
SD of Venous Mean EARLI .85 .25 .52 1.46 .000
Distance to Perimeter NCS .26 .03 40 2.11
Mean Distance from EARLI .90 22 54 1.35 .000
Arterial to Venous
Vascular End Points NCS .70 16 .0 1.21
SD of Mean Distance from |EARLI 74 21 43 1.37 000
Arterial to Venous
Vascular End Points NCS .61 15 .32 1.16
Arterial SD of Branch EARLI 51.17| 56.26 45.06 56.26 .095
Angle NCS 51.98| 57.48 45.98 57.48
Arterial Minimum Branch EARLI 2.08 7.54 .056 7.54 .227
Angle NCS 1.68| 10.21 .041 10.21
Arterial Maximum Branch EARLI 177.57| 180.00| 169.42 180 113
Angle NCS 178.15| 180.00| 171.97 18
Arterial Surface Area EARLI 31.41| 7553 17.998| 75.533 A7
NCS 29.92| 58.93 8.510| 58.935
) . |EARLI A1 .03 .07 .20 45
Arterial Surface Area Ratio NCS 11 026 03 18
Arterial Number of EARLI 8.83 13 6 13 000
Branch Generations NCS 10.79 18 6 18
Arterial Number of EARLI 2.24 4 1 4 672
Branches off the Umbilical NCS 519 4 1 4
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Arterial Number of EARLI 32.62 15.4 8 73 .000

Branch Points NCS 45,14 15.44 17 85

Arterial Number of End EARLI 34.86| 15.28 10 75 .000

Points NCS 47.32| 15.29 19 85 85

Arterial Total Length EARLI 122.27| 37.84 61.65| 200.75 011
NCS 142.49| 36.76 82.60| 264.78

Arterial Volume EARLI 3.41 1.94 1.58 11.19 .005
NCS 2.64 .99 61 5.85

. . EARLI 17 .03 10 24 .000
Arterial Mean Thickness NCS 14 02 07 20
. . EARLI 10 .02 .07 14 .000

Arterial SD of Thickness NCS 08 o1 05 1

Arterial Mean Distance to |EARLI 2.27 A48 1.08 3.11 .003

Perimeter NCS 2.00 .38 1.05 3.22

Arterial Mean Distance from | EARLI 2.42 57 1.29 3.84 .000

stﬂéﬁgfnd Point to NCS 210| 37| 130 3242

Arterial SD of Distance | ARy | 86| .36 34| 186 003

from Vascular End Point

to Perimeter NCS 71 A7 43 1.11

\/enous Surface Area EARLI 46.12| 15.79 18.88 90.31 .000
NCS 37.99| 11.85 10.53 78.55

Venous Surface Area EARLI 17 01 10 24 .000

Ratio NCS 14 .03 .05 24

Nenous Number of Branch | EARLI 8.86 2.05 5 16 .003

Generations NCS 10.27 2.23 6 18

VVenous Number of EARLI 2.52 .63 2 4 376

Branches off Umbilical

Cord NCS 2.65 12 2 4

Venous Number of Branch | EARLI 33.62| 1252 15 63 .001

Points NCS 43.90| 15.15 17 112

Venous Total Length EARLI 128.16| 215.41 56.76| 215.41 .036
NCS 144.05| 243.64 75.80| 243.642

Venous Mean Thickness |EARLI .23 .04 16 33 . 000
NCS 17 .03 .06 .29

SD of Mean VVenous EARLI 12 .02 .07 A7 .000

Thickness NCS .09 .02 .06 15

Venous Mean Distanceto |EARLI 2.18 A7 1.22 3.16 .016

Perimeter NCS 1.96 40 1.01 3.20

SD of Venous Mean EARLI A7 24 42 1.53 179

Distance NCS 71 .20 .39 1.56

SD of Mean Distance from |EARL]| 89 22 53 1.50 056

Avrterial to Venous Vascular

End Points NCS 73 .16 .38 1.21

Arterial SD of Branch Angle EARLI 52.9 3.25 43.9 59.26 .285
NCS 52.43 2.41 46.81 59.68
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Arterial Minimum Branch  |EARLI 1.83 2.05 .02 8.77 112
Angle NCS 1.69 1.88 .03 11.40
Arterial Maximum Branch |EARLI 177.69 1.76| 174.82| 179.89 151
Angle NCS 178.47 1.58| 178.78| 180.00

Figure 2(a-c). (a) Placental chorionic surface photograph with traced arterial and venous networks;
Traced arterial (b) and venous (c) networks extracted as unique layer.

Figure 3a-c. Examples of (a) “mean” arterial and venous distribution characteristics, NCS placenta;
(b) arterial and venous distribution characteristics 1 SD above the mean, EARLI placenta; and (c)
arterial and venous distribution characteristics at the mean, EARLI placenta.

Status: We have identified significant differences in the placental chorionic surface vascular networks in
ALSPAC ASD as compared to controls and have confirmed these observations in a data set at significantly
increased risk of ASD (EARLI). Thus our observations may indicate the underlying genetic, environmental
or epigenetic pathways that may be common to sporadic and also familial risk of ASD. These differences
(e.g., reduced branching growth, decreased surface extension and greater arterio-venous distances) can be
considered to share a theme of “parsimony”. The reduced length and surface area of these critical
vascular networks is not of a degree to impact birth weight, but may place an at risk fetus at a
disadvantage of lesser compensatory capacity and greater vulnerability to subsequent gestational
stressors including inflammation and/or oxidative stress, gestational exposures that have been
associated with ASD risk.

We are prepared to move forward with studies in the EARLI cohort to identify potential candidate genes and
polymorphisms that may covary with our measures of the placental chorionic surface vascular networks. We
have been able to extract a larger number of variables from placental chorionic plate vascular networks but
we do not yet have sufficient measures to allow application of methods of network analysis that compare
patterns of features, such as used in facial recognition programs. However, we have maintained our
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collaborations with Dr. Michael Yampolsky, and anticipate a hydrodynamic analysis of placental chorionic
surface vessel patterns in early 2014.

The deformed chorionic plate surfaces limited such analyses in ALSPAC. However, the significant
differences in ALSPAC ASD cases and controls, with all its caveats, and the EARLI and NCS as high and
low ASD risk cohorts provide evidence that such networks merit study, and may be informative in the
understanding of the genetic underpinnings of some ASD and the environmental or gene-environment
interactions or epigenetics that underlie other ASD. A limitation of the current vascular protocol is that it is
time consuming (~2.5 hours per placental chorionic surface network), and as such, would be difficult to
apply to larger cohorts. We have continued to pursue work initiated in 2009 re: automation of vascular
feature extraction from the placental chorionic surface photographs, now guided by our analyses that
indicate which features may be. A number of features that distinguish EARLI from NCS placentas, such as
the surface vascular density and the distance from vessel termination to the disk perimeter, are accessible to
automated extraction from 2D photographs.

We have improved on a previous vascular recognition filtering process. The process is partly based on
images’ second-order characteristics and highlights image pixels from locally curvilinear structures while
simultaneously decreasing non-vessel noise. The results, reported in Matthews Correlation Coefficient
(MCC), comparing against the pathologist’s ground truth tracings, have also been compared with an existing
neural network approach. (Figure 4-5) The proposed enhancement process consistently outperformed the
multiscale and neural network approaches in both accuracy and efficiency.

Since the process is completely automated, it provides measures that can be analyzed within seconds from a
single well-prepared photograph. In brief, starting with a raw placenta image, we obtain the green channel
information and stretch the intensity distribution by a linear transformation to highlight the extremely low
and high intensities. The gray scale image is then converted to a binary image by thresholding the mean
intensity value. The largest object in the image content is detected and filled in to create a continuous and
compact domain. To create a smoother structure in the image boundary, morphological erosion is applied.
The resulting image serves as a mask template and is overlayed on top of the original image to arrive at a
cropped placenta image. Glare is then removed using a modified in-painting algorithm. The final image is
what is utilized for the vessel extraction algorithms.

Vessel enhancing methods based on second-order characteristics uses eigenvalues of the Hessian to locally
determine the likelihood that a pixel belongs to a vascular region. Note that the following discussion is
intended for dark curvilinear structures with a brighter background. For bright objects with a darker
background, the conditions of the eigenvalues (or the images) should be reversed. From an image's Hessian
matrix, eigenvectors can be extracted corresponding to eigenvalues Al and A2 satisfying |Al| < |A2],
respectively. If we associate |Ai|’s with the magnitude of curvatures, then ul would likely point along with
the direction where the vessel travels while u2 would point towards the edge of the vessel. These
eigenvalues can then be used to define two “vesselness” measures. To eliminate the non-vessel noise that is
picked up by the multiscale filter while maintaining the connected components in the vessel network, a
curvilinear filter is used to further refine "vesselness". (Figure 4) This function highlights locally linear
structure by controlling the width and length parameters, while penalizing neighborhood pixels that present
non-cohesive structure. Notice that IF is a heuristic filter since it does not account for direction information.
Since the orientation of the vessels varies across a single image, we create a library of curvilinear templates
WKk’s corresponding to a collection of various orientations. The curvilinear filter identifies the linear regions
from the multiscale filtered results. Additional mathematics enhance results by precluding negative values.
The rationale is that the vessel pixels have dominating curvilinear filter responses than the noise pixels.
Results are shown in Figure 5.

Figure 4. A box plot of maximum MCC values obtained via neural network [3] on each of 16
placentas. The best MCC value for the multiscale and the proposed curvilinear enhancement method
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are also provided and are consistently superior to the neural network all cases. Figure 5. A visual
comparison between the proposed and existing methods on a randomly chosen placenta patch.

Figure 6. (a) An illustration for the conditions used in generating the curvilinear filter. (X, Y ) is the
pixel being analyzed, R is the vessel region, and w is the width of the filter. (b) The proposed
curvilinear filter function, generated with w =10 and 1=15.

Accomplishments for this Subproject

We have documented significant differences of the chorionic surface vascular network in ASD as compared
to neurodevelopmentally normal controls. Arterial features are more highly correlated with ASD than are
venous features. Whether arterial outgrowth influences venous growth or whether arterial growth is more
influenced by subtle changes in normal fetal physiology (such as neuronal activity and/or spontaneous
electrical activity in cells of the fetal cardiac conduction system) is unclear and will be an aim in subsequent
research. We have developed a preliminary method that may reliably and inexpensively extract features of
vascular network structure that are germane to distinction of ASD risk, including branch numbers reflected
in complexity of surface networks, and measures of extension of vessels toward the placental chorionic disk
perimeter, reflecting lateral outgrowth of placental chorionic surface vessels to cover the whole placental
chorionic disk.

SUBPROJECT 2: 3-D RECONSTRUCTION OF PLACENTAL VOLUME AS A PROXY FOR THE
SHAPE OF THE CHORIONIC VASCULAR TREE

3D reconstructions of placental volume as a proxy for the shape of the chorionic vascular tree

Placental shapes, as captured in surface and slice images in the form of 3-D coordinate data, are created by
rotating and translating the hand-traced 2D contours coordinates. Geometric descriptors will be easily
extracted from the reconstructed shapes, such as surface area, volume, mean curvature, total curvature,
shape moments, deviation from an average-shaped placenta, etc. These values will then be used in a
classification approach, finding signatures for normal or abnormally shaped placentas, and to link these
with our outcomes.



17

We have previously shown that2D shape information of the placenta is meaningful for health prediction:
"initial findings indicate significant relationships between shape of the placental surface and newborn's
birth weight as well as their gestational age." Therefore, since 3D shape information is a superset of what
is available in 2D, one would expect that health prediction based on 3D shape information would be even
better, and is certainly merits investigation.

3-D reconstructions of finer placental branching vasculature Sets of blocks obtained from placental
parenchyma centered on a diving chorionic placental vessel will be serially sectioned as follows: Slides 1-3
H&E, 4-5 retained for possible future immmunohistochemistry (IHC) stains, 6-8 stained with H&E, 9-10
retained unstained, etc.

1. The stained slides will be digitized and the series registered using standard registration techniques.
Since villous branching is driven by vascular branching in the fetal systems, we need only to register the
(larger) villus, simplifying the task of registration.

2. The registered 3-D structure will be pruned of the terminal villi, development of which is by simple
capillary extension and therefore do not reflect the mechanism of growth we are targeting. This
radically simplifies the fine chorionic vascular tree.

3. These 3-D networks will be transformed and analyzed as in Subproject 1, above.

Status:
Our empirical models® and our direct research? indicate that both these features have their origin before the
mid-trimester (irregular shape) and by 11-14 weeks gestation (umbilical cord insertion).

We have demonstrated the following:

1. There is a statistically significant difference in ALSPAC ASD placental chorionic surface shape,
with reduced maximum radius, and reduced standard deviation of the radius of the chorionic
surface shape, compared to placentas of neurodevelopmentally normal control children. (Table 4)
This contrasts with last year’s report (see discussion, following).

2. There is a statistically significant reduced eccentricity of the umbilical cord insertion, as compared
to placentas of neurodevelopmentally normal control children. (Table 5) This contrasts with last
year’s report (see discussion, following).

3. After stratification by gender, these findings are also generally preserved, although significance is
attenuated among females with ASD due to the small sample size. (Tables 4-5)

4. Differences in these measures carry over into the range of the ASD phenotypes, with significant
differences in placental shape features when stratifying on either social understanding phenotype or
on “repetitive stereotyped behaviour” phenotype. (Tables 6-7)

5. There are no statistically significant differences in the slice dimensions of ALSPAC ASD placentas
as compared to the control group although the limited sample size in ALSPAC may restrict
inference. (Table 8) However, EARLI placentas have significantly different slice dimensions when
compared to a large birth cohort of ~1000 placentas with similar measurement data. (Table 9) When
comparing ALSPAC ASD cases and controls (Table 10, Figures 6a-h, small sample size), and when
comparing high ASD risk EARLI placentas with low ASD risk NCS placentas (Figures 7a-c) there
appear to be different “trajectories of villous arborization from the center to the perimeter of the
placental chorionic disk, with EARLI placentas showing reduced central placental disk thickness but
greater preservation of that level of arborization extending to the perimeter, while NCS placentas
show more variability throughout the distance from placental disk centroid to edge. This is consistent
with our empirical DLA model of placental growth which predicted variability in perimeter would be
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correlated with variability in thickness/villous arborization. EARLI placentas have less perimeter
variability and less variability in disk thickness. EARLI placentas are, however, thinner in the more
central regions of the placenta near the umbilical cord insertion, the relatively “older” portions of the
placenta.

6. There is a statistically significant reduction in placental weight (~100 g, 20% of the weight of a
normal term placenta) for female ASD cases compared to female normal controls. (Table 5) We
anticipated a decrease in volume compared to both groups of controls. However, there was no
statistically significant difference in volumes. (Table 5) This suggests that the placentas of girls with
ASD, which weigh less, but occupy the same volume, are “built” differently, with relatively reduced
branches despite similar length of long fetal stem anchoring villi. This would be consistent with our
previous finding of an alteration in beta, a measure of the integrity of the placental vascular fractal in
ASD cases compared to female normal controls.

7. The relationship between the placental chorionic surface vessel and the underlying placental disk
parenchyma dependent on that vessel differ in ASD cases as compared to controls. This was
demonstrated in an analysis of the undeformed ALSPAC 3D scans with companion flat 2D placental
chorionic surface photographs., While the distribution of chorionic plate vessel segments did not
differ between the two groups and there was no statistically significant difference in mean disk
thickness between ASD cases and controls, both the maximum placental disk thickness and the
standard deviation of placental disk thickness were significantly reduced significantly between ASD
cases and controls. (Figure 5, Table 12) We interpret this as overall supportive of our global
impression of ASD placentas being more constrained, less variable in shape, cord insertion, with
more restricted arborization (reduced maximum thickness) and less “flexibility” in arborization
(reduced variability in disk thickness).

The differences between last year’s observations and these final data are caused by our decision to exclude
data from cases in which placental chorionic surface, disk thickness (from digital photographs or 3D scans)
were extrapolated from deformed placentas. We determined that our methods of decrumpling and uncurling
shapes or slices, while seemingly mathematically straightforward, did not yield measures that were
consistent with naked eye inspection of original images or the ruler measures provided in real time by Dr
Craig Platt at Bristol in the original processing of the placenta. The degree of extrapolation to placental areas
that cannot be seen directly in the scan (areas in a folded shape being inaccessibly to the scan cameras) or
are deformed (curled) in a digital image) yields data that is not comparable to what is directly measured
from well-preserved specimens.

The assumptions resulted in placental variable values that marked a shape more regular in all dimensions
than was the actual case as determined by inspecting of scan and digital photographs. Reanalyzing the data
combined with inspection of each set of placental images forces us to reject the conclusion that ASD
placentas, or EARLI (high ASD risk) placentas, have either greater surface irregularity or cord eccentricity;
in fact, the reverse is true.

Table 4. ALSPAC measures are derived from 2D placental chorionic surface and slice photographs,
with 31 ASD cases compared to 59 developmentally unremarkable controls. Males, N=26 ASD, N= 50
controls females 5 ASD, 9 controls

Mean + sd
Difference
Normal (ASD vs. -value
ASD cases normal) P
controls




Birthweight (g)

Overall 3506 + 368 3507 +521 -1 .99
Males, 3533 +380.7 | 3479 +532.2 +54 .64
Females 3360 + 283.2 3660 + 452 -300 21
Placental weight (g)
Overall 463 + 107 473 +85 -10 .59
Males 470.89 + 93.5 | 460.97 + 75.6 -9.90 .62
Females 419.8 + 168.8 | 545.9 + 104.1 -126 A1
Placental volume (cm®)
Overall 487 +121 513 + 108 -26 24
Males 493 + 119 515+ 111 -22 .39
Females 447 + 141 540 + 111 -126 18
Gestational age (weeks)
Overall 39.8 +1.3 394 +1.7 +0.4 31
Males 39.78+1.4 39.3+1.38 +0.48 .26
Females 39.80 + .84 40.0+1.0 -2 71
Umbilical distance from centroid (cm)
Overall 2.97 +1.67 3.73 +1.88 -0.75 0.059
Males* 2.80 +1.61 3.70 +1.96 -0.90 0.042
Females 3.91 +1.90 3.85 +1.43 0.06 0.95
Radius minimum (cm)
Overall 52 +1.74 458 +1.84 0.62 0.13
Males* 543 +1.67 452 +1091 0.91 0.041
Females 3.95 +1.72 494 +141 -0.99 0.27
Radius maximum (cm)
Overall* 1198 +1.99 | 13.01 +2.14 -1.03 0.027
Males 3.95+1.72 494 +141 -.98 0.055
Females 12.14 +2.22 | 13.30 +1.54 -1.16 0.27
Radius standard deviation
Overall* 2.13 +1.09 2.65 +1.17 -0.52 0.04
Males* 2.02 +1.05 2.64 +1.22 -0.61 0.031
Females 271 +1.21 2.74 + .88 -0.03 0.95
Radius Fourier 1
Overall 1.43 +.77 1.79 +.85 -0.36 0.052
Males* 1.36 +.75 1.77 + .88 -0.42 0.042
Females 1.84 +.83 1.86 +.64 -0.02 0.94
Radius Fourier 2
Overall 0.31 +.20 0.39 +.22 -0.08 0.08
Males* 0.29 +.19 0.39 +.22 -0.10 0.046
Females 0.43 +.30 0.41 +.18 0.02 0.87
Perimeter (cm)
Overall 56.09 +6.11 | 57.19 +5.37 -1.10 0.38
Males 56.53 +6.24 | 56.98 +5.63 -0.49 0.75
Females 53.72 +5.73 58.36 + 3.6 -4.64 0.07
Area (cm?)
Overall 2335 +49.0 | 240.8 +39.7 -7.36 0.44
Males 2375 +50.1 |239.04 +41.3 -1.51 0.90
Females 211.4 +39.8 | 250.7 +29.4 -39.3 0.056
Maximum Diameter (cm)
Overall 18.67 +.39 19.22 +1.8 -0.55 0.21
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Males 18.82 +2.31 | 19.12 +1.92 -0.30 0.54
Females* 17.89 +1.68 19.78 +.98 -1.89 0.019
*p<0.05
**p<0.01

Negative differences == ASD cases smaller dimensions than controls.
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Table 5. ALSPAC Male ASD where all ASD cases are compared to male controls. The placental
measures derived from 2D placental chorionic surface and slice photographs.

Mean + sd
Normal Difference
ASD cases (ASD vs. p-value
controls
normal)

Umbilical distance from centroid (cm) 2.80£1.61 | 3.70+1.96 -0.91 0.04
Radius minimum (cm) 543+1.68 | 4.52+1.91 0.91 0.04
Radius maximum (cm) 11.95+1.99 | 12.96+2.25 -1.01 0.06
Radius standard deviation (cm) 2.02£1.05 | 2.64+1.23 -0.61 0.03
Radius Fourier 1 1.36£0.75 | 1.77+0.88 -0.42 0.04
Radius Fourier 2 0.29+ 0.39+ -0.10 0.046

Negative differences indicate ASD cases have smaller dimensions than controlsThe findings of more regular

chorionic plate shape and less eccentric umbilical cord insertion correlate with specific ASD phenotypes.

(Table 6-7).

Table 6. Comparisons within ALSPAC male ASD cases stratifying on social understanding
phenotype.* Placental measures are derived from 2D placental chorionic surface and slice

photographs.
Mean + sd
Social Social
Understanding | Understanding | Difference | p-value
<-1.0 (n=19) >-1.0 (n=5)
Umbilical distance from centroid (cm) 2.59+1.49 4.05+1.73 -1.46 0.07
Radius minimum (cm) 5.66+1.45 3.72+1.71 1.93 0.02
Radius maximum (cm) 11.87+1.66 12.71+2.62 -0.84 0.38
Radius standard deviation (cm) 1.89+0.97 2.84+1.14 -0.94 0.07
Radius Fourier 1 1.26+0.71 1.92+0.79 -0.66 0.08
Radius Fourier 2 0.26+0.15 0.46+0.24 -0.20 0.03
Perimeter irregularity calculated 1.93+1.03 3.09+£1.36 -1.16 0.047
from the cord insertion site
Umbilical cord distance from the 2.32+£1.00 4.07+2.13 -1.75 0.01
centroid (cm)
Symmetry of the placental chorionic 0.39+0.21 0.62+0.23 -0.23 0.04
shape about the umbilical cord
insertion

*Social understanding phenotype variables centered on zero, more negative numbers are more “autistic”.
Negative differences indicate that ASD cases <-1.0 (more “autistic”) have smaller dimensions than those

above cutpoint (less “autistic”).

Table 7. Comparisons within ALSPAC male ASD cases stratifying on social understanding

phenotype.
photographs.

Mean + sd

Repetitive | Repetitive

Difference | p-

Placental measures are derived from 2D placental chorionic surface and slice
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Stereotyped | Stereotyped value
Behavior Behavior
<0 (n=19) >0 (n=5)
Umbilical distance from centroid (cm) 2.53+£1.57 4.25+1.10 -1.71 0.03
Radius minimum (cm) 5.65+1.49 3.75%£1.60 191 0.02
Radius maximum (cm) 11.90+1.98 | 12.60+1.38 -0.70 0.47
Radius standard deviation (cm) 1.87+1.03 2.92+0.71 -1.05 0.04
Radius Fourier 1 1.24+0.73 2.03+0.51 -0.79 0.03
Radius Fourier 2 0.30+0.21 0.33+0.09 -0.03 0.75
Umbilical cord distance from the centroid (cm) 2.40+1.41 3.76+1.17 -1.36 0.06
Symmetry of the placental chorionic shape 0.37£0.21 0.68+0.23 -0.31 0.005
about the umbilical cord insertion

Repetitive Stereotyped Behavior centered on zero, more negative numbers are more “autistic”. Thus
negative” differences indicate that ASD cases <0 (more “autistic”) have smaller dimensions than those
above cutpoint (less “autistic”).

Effect sizes are similar or larger than for ASD vs. normal comparisons but not as statistically significant,
probably due to reduced power given smaller N’s for within-ASD comparisons. No placental differences
were seen within male ASD cases by distribution of other phenotypic behaviors such as cognition. No
differences were seen between male SEN subjects and male controls (data not shown). No differences were
seen within male SEN subjects by phenotype distribution. (data not shown).

Table 7. ALSPAC ASD newborns’ placentas (N=32) are compared to ALSPAC controls (N=52). The
measures were derived from 2D placental chorionic surface and slice photographs.

Mean = sd
ASD cases Normal controls Difference p-value

Mean Thickness

Overall 2.05 +.32 2.09 +.33 -.04 0.26

Males, 2.19 +.40 2.27 + .45 -0.08 0.38

Females 2.00+1.10 2.27 + .52 -0.27 0.18
SD of Thickness

Overall 57 +.12 .60 +.12 -0.20 31

Males 1.00 +.000 1.02 +.13 -0.02 0.49

Females 1.00 +.000 1.00 +.000 0 1.00
Maximum Thickness

Overall 2.77 +.41 2.88 +.43 -0.20 0.26

Males 455+ .93 4.63 +.99 -13 0.69

Females 4.20 + .45 4.45 + .69 -.25 0.47

We did not observe significant differences between the average disk thickness or other permutations of this
measure (in relation to the chorionic plate surface, i.e., the length of the slice) in ALSPAC ASD cases as
compared to their matched controls. However, our impression from the comparison of EARLI (high ASD
risk) cases to a much larger birth cohort, the University of North Carolina Pregnancy Infection and Nutrition
(UNC PIN) with low ASD risk, found significant differences (Table 8). The “linear deviation from the
average width” and the same quantity normalized to length were calculated from a traced central slice. To
simplify the procedure, endpoints were placed on the traced slice to distinguish the chorionic plate (fetal)
and basal plate (maternal) surfaces. The lengths of these two curves are calculated in cm. Adding markers to
the curves allows calculation of the distance between the jth point on each of the two curves. The average
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value is the average of that distance, the average width. If we calculate the width W; and also | Wi -W |
and take the average, the quantity is the linear deviation from average width. Divided by the slice length
(average of the two curve lengths) yields the linear deviation from average width relative/ length.

Table 8. 127 EARLI newborns’ placentas are compared to >1100 University of North Carolina
Pregnancy Infection and Nutrition (UNC-PIN) Study controls. The measures were derived from 2D
placental chorionic surface and slice photographs. The EARLI data was updated from 2011.

UNC EARLI p-value

Fourier 1 3.23+1.81 4.07+2.34 .002
Displacement/Diameter (cm) .164+.091 204+.12 .002
Sigma 1.106+.492 | 2.680+1.47 .000
Average (Avg.) Width (cm) 2.08+.38 1.74+.27 .000
Linear Deviation from the Average Width (cm) 34+.111 .364+.135 .001
Linear Deviation from the Average Width .020+.007 .019+.007 .001
(Relative)/Length

There is normally some thinning over this distance as the placenta transitions from the arborized placental
disk to the thin chorion of the extraplacental membranes. Slice characteristics were extracted from
undeformed 3D scans. The observed differences in mean disk thickness would be significant with a sample
size of 38 per group (Table 9). We next tested for differences in the pattern of change of disk thickness from
the centroid of the placental shape to its edge. (Figures 7a-h) The differences in the ratio of disk thickness at
the placental disk’s geometric center (centroid) to the thickness at the margin (Table 9) would be significant
with 25 per group. The ASD cases have a trend to reduced overall disk thickness but are thicker, relative to
the disk edge. This means that there is reduced natural “taper” or transition of the placental chorionic disk,
fully arborized to an average 2+ cm thick, to the 1 mm thick extraplacental membranes that continue off the
placental chorionic disk to contain the fetus until birth.

Table 9. ALSPAC ASD newborns’ placentas (N=20) are compared to ALSPAC controls (N2=29). The
measures were derived from undeformed 3D placental scans.

Mean SD Min Max
) Controls 2.36 31 1.72 3.11
MeanThickness ASD 2.20 42| 163| 345
Ratio of thickness at Controls 9.50 2.64 419 15.58
Centroid/Thickness at Perimeter ASD 10.38 2.82 6.77 17.33

We have compared the trajectory of disk thickness change in EARLI and NCS placentas and find that there
is a relative reduction in central disk thickness and a greater preservation of that measure to the perimeter in
EARLI, while thickness is more variable in NCS with a greater per cent reduction in disk thickness as a
function of distance from the disk perimeter. (Figures 8a-c)

Figures 7a-h. Comparison of trajectories of change in thickness as a function of the fractional distance
from the perimeter, (L) Controls, (R) ASD cases, as calculated from the umbilical cord insertion point
(IP) or the geometric center of the placental surface area (centroid).
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Figure 8 a-c (a, top left) Actual change in disk thickness from centroid to edge in EARLI (red) and
NCS (blue) placentas. Figure (b, top right). Mean change in disk thickness from centroid to edge in
EARLLI (red) and NCS (blue) placentas. Figure (c, bottom left). Standard deviation of change in disk
thickness from centroid to edge in EARLI (red) and NCS (blue) placentas.

The placental chorionic plate vessel networks overlie the placental parenchyma. The placental chorionic
plate vessels provide branches that dive deep into the parenchyma to branch to form the fetal stem vessels
and the placental functional units that terminate in the villous capillary networks that are the site of all
oxygen and nutrient exchange between the mother’s and the fetal bloodstreams. The 3D scans of the
placental volumes can be rendered as polar maps of the placental thickness (on the y-axis) and the umbilical
cord insertion (along the x-axis). In effect, the polar maps provide a step-by step “map” of placental growth
and development out from the umbilical cord insertion (the initial site of placental vasculogenesis), with
each step on the y-axis reflecting placental growth at t=0, t=1 and t=2, etc. When the chorionic plate surface
vessel networks, as extracted from the traced 2D photographs, are overlaid on the placental “thickness map”,
the relationship between the overlying chorionic plate vessels and the subjacent placental parenchyma is
made explicit (Figure 9). Chorionic plate vessels are largest in caliber at their origin from the umbilical cord
insertion, and progressively decrease in caliber as branches are dropped off to develop into the placental
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functional units underlying the chorionic plate. We postulated that the relationship between the placental
chorionic surface vessel and the underlying placental disk parenchyma dependent on that vessel would differ
in ASD cases as compared to controls.

Figure 9. Polar projection of a 3D placental scan overlaid with placental chorionic surface vascular
tracing obtained from companion 2D photograph. The colors of the map indicate disk thickness; the
colors of the vessels indicate their caliber on the surface.

25 This was demonstrated in an
35 analysis of the undeformed
ALSPAC 3D scans with
companion flat 2D placental
chorionic surface photographs.
Chorionic plate vessels were
marked by vessel caliber using
pen colors. The color
corresponded with pixel width,
which translates directly into
vessel diameters. As can be seen
in Table 12, the distribution of
chorionic plate vessel calibers
was not different between the two
groups, (p=0.51), although, as
o eyt e o described above, the surface
150 400 50 0 50 100 150 vascular networks in ASD
Degrees placentas were shorter in total
length with fewer branch
generations. Given our previous findings of no statistically significant difference between ASD cases and
controls in mean disk thickness in the available scans, any association of placental chorionic plate vessel
diameters with disk thickness would imply deviation from what is likely a critical relationship between the
placental chorionic surface vessel and the subjacent parenchyma of arborized villi. Both the maximum
placental disk thickness and standard deviation of placental disk thickness associated with any given
placental chorionic surface vessel caliber were significantly reduced between ASD cases and controls. We
interpret this as consistent with what we have observed in terms of the generally reduced flexibility in
placental growth in ASD placentas, with more regular shapes, more central cord insertions and now both a
“cap” on placental villous arborization (maximum disk thickness) for placental chorionic surface vessels of
any given caliber, and reduced variability placental villous arborization (standard deviation of disk
thickness).

Table 12. Correlations of chorionic plate vessel characteristics and underlying placental disk
thickness; Control chorionic vessel segment N=231, ASD chorionic vessel segment N=158.

Mean | SD Min Max | P value
Chorionic Plate Vessel Diameter igrgrol ggg gg 82’? ggg =1
Average Placental Disk Thickness igrgrol g?gg gﬁ iggg jgg? 30
SD of Placental Disk Thickness 2grgrol i;i gjg ggg 1;2(1) 000
o D Tidass (SO | S0L 101 2505 o
Min Disk Thickness Control 1.418| 1.021| .000| 4.474 .088
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ASD 1.599| 1.037| .000| 4.257
Total Surface Area Control 3.135| 2.066| .238| 13.686 40
ASD 2.954| 2.081| .323| 14.859

This can be explained biologically in one of two ways, if variability in placental shape features is the
result of variability in the intrauterine environment as the placenta is established and matures:

1. Either fetuses who will have diagnoses of ASD made in childhood have unusually uniform
maternal environments, so that placental shape variability is not needed to be invoked as a
response, or

2. The placentas of fetuses who will have diagnoses of ASD made in childhood have restricted
ability to vary aspects of placental growth that allow compensation for the normal and
variability in the maternal uterine environment.

Since there is no evidence that mothers who deliver children who will be diagnosed with ASD have
less complicated pregnancies, or have more uniform uterine environments throughout gestation, we
propose that the ASD placenta is less able to compensate for normal intrauterine variability, and may
thus not only mark children at ASD risk, but also provide a mechanism for fetal injury, if reduced
compensatory capacity leaves the fetus of infant more vulnerable to other stressors such as
inflammation or oxidative stress.

In pursuit of understanding what changes in placental structure can account for the observed the relationship
of volume to weight, we moved to the formalin fixed slices provided by Dr Craig Platt, and selected portions
of the disk that might provide preliminary insights into possible structural changes. We pursued these studies
in light of the report of abnormal villous configurations resulting in the appearance of “trophoblast stromal
inclusions” (TSIs) were more common in placentas of children at risk for ASD (a population roughly
comparable to our EARLI cohort, of placentas from newborns in families with an older sibling already
diagnosed with ASD). If such findings were more common in a population with an approximately 20% risk
of ASD (Craig Newschaffer, personal communication), we anticipated a clear cut difference between
ALSPAC ASD and control placentas, that might be appreciable in confocal microscopic analysis of the
distal villi, or, alternatively, in placental histopathology slides.

We first turned to the actual placental tissue of ALSPAC ASD cases and controls. We developed a
standardized dicing approach to 2 mm samples extracted from central placental slices avoiding fetal stem
villi. These specimens could also be stained to highlight the villi (Figure 10a) or compartments within villi.
(Figure 10-b) Thus these samples would be enriched for terminal villi, villi that predominantly develop after
the midtrimester. Using a stereomicroscope, one observer performed dissection of these samples blinded to
case/control status. 1853 microdissected villous clusters were extracted from 11 controls and 971 from 7
ALSPAC ASD cases. Individually, these two classes of clusters could be distinguished by a two-fold
difference in standard deviation, a reflection of sample heterogeneity. (Figure 13)

Figure 10 a-b. a) Microdissected villous fragment stained with eosin (green); retained erythrocytes
can be seen within villous capillaries (red). b) Microdissected villous fragment stained with
cytokeratin-8 (red) to mark villous trophoblast outlines and CD-31, an endothelial marker that
highlights villous capillaries (green).
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Heterogeneity of this type is less in ASD microdissected villous clusters. However, the se clusters came
from 11 controls and 7 cases; the aggregated data examining the difference in means for each placenta
analyzed did not show a significant difference, whether analyzed as continuous data or categories. The
distributions are highly skewed (large standard deviation relative to the mean, Figure 14). Thus we have no
a priori basis to expect differences in terminal villous branching structure that might be expected if the
villous surfaces were more irregular (and thus had greater likelihood of cutting the villous surface so as to
catch an “island” of trophoblast epithelium within the villous stroma, a “TSI)”.

Table 13. Descriptives of all microdissected villous clusters without consideration of repeated
measures (samples drawn from 11 ALSPAC control and 7 ALSPAC ASD placentas, Mann

Whitney U test).

N Mean SD Min Max P value
Area Controls 1853 1376 3144 100 60339 474
ASD 971 1077 1600 201 19798
Perimeter Controls 1853 236 269 45 3878 .308
ASD 071 209 176 58 1556
Area/Perimeter Controls 1853 3.49 1.14 1.94 9.53 136
ASD 971 3.39 1.00 1.94 8.85

Figure 14. Distributions of Area/Perimeter ratios
of dissected microclusters from 11 ALSPAC
controls and 7 ALSPAC ASD cases.

We next turned to the routine histopathology slides
for ASD cases and controls. From 20 ASD cases and
their matched controls, two slides per case were
selected from the 6 slides archived per case and
provided to the PI blinded to case status. We first
tested the diagnostic criteria for TSIs. Time to review
one slide averaged 15 but ranged up to 35 minutes.
This was due to the difficulty, in manual slide review,
of being confident that every field in the slide was
reviewed, and all fields reviewed once. To assure that
no duplicate TSIs were scored, we elected to
document each scored TSI with a photomicrograph of its region of interest. This increased reviewer time 10
minutes per slide. Despite these protocols
intrarater reliability was poor with variation of >100% in the number of TSls identified by the same
reviewer.

For this reason, we have elected to identify TSIs using IHC in an immunohistochemistry (IHC) based
method for automated slide review, with regions of interest as identified by cytokeratin-7 (CK7)
immunoreactivity, a specific marker of the trophoblast, isolated by algorithm from the whole digitized slide.
The ALSPAC H&E slide archive has been digitized; thus, each histology slide exists as a digital file of from
500-1100 MB. Our IHC protocol includes the retention of the coordinates of regions of interest (ROIs)
containing a solid area of IHC immunoreactivity separated by at least 2 stromal nuclei from the overlying
trophoblast epithelium, as an annotation of the analyzed slide. The slide with annotation and the same region
of a serial section stained with routine hematoxylin and eosin (the current published method for
identification of TSIs) will be reviewed by for specialist pathologist review.

Three pathologists (Carolyn M. Salafia, MD MS (PI), Theonia Boyd, MD, Harvard Medical School, and
Drucilla J Roberts, MD, Brigham and Women’s Hospital, Boston, MA) are participating in validation of TSI
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identification on H&E and IHC stained slides. We expect some ongoing level of algorithm refinement to
optimize the H&E and IHC computational algorithms for automated digitized slide review and to develop

Figures 11 a-d. CK-7 IHC staining
of contemporary placental
pathology specimens. A. CK-7
outlining of chorionic villi, with
isolated CK-7 positive
cytotrophoblast enmeshed in
perivillous fibrin. B. Low
magnification view of CK-7 IHC
with one villus with apparent TSI. C.
Irregular (scalloped) villous outline
suggested being a precursor to TSI.
High magnification view of apparent
TSI found in (B).

a validated algorithm for identification of TSIs in routine stains. Since the frequency of TSIs was reported
only rarely to more that 3 per histological slide (<<1% of villi), our approach will reduce expert
pathologists’ time for slide review, and validate diagnostic criteria for TSls in routine H&E and in IHC
slides, and that will provide reliable and reproducible analysis to confirm or refute the value of this marker
as a perinatal predictor of ASD risk, with CK-7 as the definitive identifier of trophoblast and determinant of
the epithelial origins of stromal cell clusters (TSIs).

These studies do not approach analyses of the larger fetal stem villi, those whose development may e
particularly compromised when beta, the fractal dimension that relates normal birth weight and placental
weight, deviates from 0.75. We have joined with Marcelo Magnasco, Ph.D. (Professor, Mathematical
Physics Laboratory, Rockefeller University, New York) and George Merz, Ph.D., Head of Image Analysis
and Microscopy at IBR, and are pursuing analyses at the stem villous levels via two methods.

Previously, Dr Magnasco, in an attempt to study the fine structure of the human liver, realized that
registration of serial sections of even this solid organ was not possible from histology slides since the shear
on the tissue caused by the microtome distorted each section just enough to preclude registration. We have
identified lobules of placental functional units from the slices of ALSPAC placentas provided by Dr. Craig
Platt. We have experimented with the best protocol for immunofluorescent labeling of the villous
trophoblast surface (with CK-7 antibodies) and the stem and villous endothelium (via CD 31antibody). (e.g.,
Figure 12 c) Dr. Magnasco's protocols allow for evaluation of frozen formalin fixed tissue in a sucrose
density matched medium. The tissue face is imaged with a high resolution camera under fluorescent light.
Next, the slices are and the new tissue surface is imaged. It is these serial faces of the tissue, undistorted by
microtome shear stress that will be segmented and registered to reproduce a virtual placental fetal stem
villous “tree”. Neurolucida ™ will be used to register the sections and recreate the 3D villous tree structure.

Our second approach is a continuation of our work using Definiens Developer™. Thomas Haberichter,
Ph.D., former Senior Scientist at Definiens has committed 20% effort over the next 6 months to compile
algorithms that will allow translation of Dr. Merz’s 3D reconstruction of images collected via the laboratory
of Dr. Magnasco, and to update the image segmentation algorithms initially piloted in 2006. Once the 3D
reconstruction is completed, the model can be virtually sliced to mimic the orientations of routine 2D
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histology slides. Also model parameters can be manipulated to understand the genesis of observed 2D
patterns of branching arborization in our ALSPAC and our EARLLI histology slides.

The color image segmentation of routinely stained hematoxylin and eosin stained slides in the ALSPAC
cohort has been expected to be difficult:

e aging of tissues after 20 years preservation in formalin alters staining characteristics of key
components, especially loss of the normal red-orange staining of erythrocytes and instead a pale pink
coloration of these cells that is virtually indistinguishable from connective tissue

e formalin evaporation precipitates opaque black formalin on tissues, obscuring tissue details and
further complicating segmentation.

The basic principle that we use for segmentation is that the slide background is white. Thus an approach is to
determine for every pixel a scalar quantity describing how white that pixel is, and then comparing this
quantity to a threshold. The details then are in how to compute the scalar quantity and how to set the
threshold. For different applications and purposes, we adapt suitable thresholds and quantity for the specific
characteristics. Edge detection of complex villous trees remains problematic in routine stained slides. We
will continue to pursue this path toward placental villous image segmentation outside of the scope of this
year of no-cost extension. However, in order to complete our tasks, we have elected to simplify the villous
images to render segmentation a far simpler task, by use of cytokeratin staining. (Figures 12 a-c) The four
images below show routine staining and CK-7 IHC at 4x and 20x magnifications. At even 20x
magnification, the villi are crowded and intervillous (maternal) erythrocytes make distinction of villous
boundaries (essential for villous segmentation) problematic. However, CK-7 IHC outlines the villous
borders, and simplifies segmentation, and can be employed both in microclusters (see above) and of the
exact microcluster preserved as a histologic sample. (Figure 12c) We have shifted from focusing on
extraction of the villous interface with the maternal intervillous space to extraction of the interface between
villous stroma and trophoblast epithelium. This will consistently reduce the estimated villous caliber/area,
but will provide clear segmentation between image elements (villi) with trophoblast covered surfaces.

Figure 12 a-c. a) Routine hematoxylin and eosin stained tissue section showing central large villous
stem flanked by tiny terminal villi. b) IHC for CK-7, serial section, with same central large fetal stem
flanked by tiny terminal villi. c) IHC for CK-7 (red) and CD-31 (green, immunofluorescence darkfield
examination).

We are committed to pursuit of this type of image

reconstruction because of the striking difference in

weight of the small number of females with ASD and
their female controls, male controls, and males with ASD. Given that there was a statistically significant
reduction in placental weight (~100 g, 20% of the weight of a normal term placenta) in placentas of females
with ASD cases compared to female controls, we anticipated a decrease in volume compared to both groups
of controls. However, there was no statistically significant difference in volumes of ALSPAC ASD cases
and controls groups. This is true for the all ASD females as well as when restricting the sample to children
born at term gestation or adjusting for gestational age. This was not the result of outliers in either
distribution. We did not find similar effects in males. While males represent the vast majority of ASD cases,
it appears that there may be differences within ASD by sex. This suggests that the placentas of girls with
ASD, which weigh less, but occupy the same volume, are “built” differently, with relatively reduced
branches despite similar length of long fetal stem anchoring villi. This would be consistent with our previous
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finding of an alteration in beta, a measure of the integrity of the placental vascular fractal in ASD cases
compared to female normal controls.

In summary, in this project we observed significant differences in placental chorionic surface shape
(reflecting lateral chorionic vascular extension), and placental disk thickness initially identified in the first
EARLI family placentas analyzed in 2011 have been confirmed in the ALSPAC cohort. This supports the
hypothesis that deviations in placental angiogenesis are correlated with ASD as diagnosed in ALSPAC and
can be also demonstrated in placentas of EARLI newborns that have not yet been diagnosed with ASD.
Future exciting research will determine whether the differences in EARLI placentas are confined to that
percentage of children in such high risk families who will eventually be diagnosed with ASD by 2 years of
age, or whether high risk families have global and basic differences in angiogenesis (in which case EARLI
newborns will share deviations from the standard patterns of vascular growth we have documented in low
risk birth cohorts). This will allow more targeted investigation of genes and gene-environment interactions
in gestation that may be central to genesis of ASD risk.

Accomplishments for this Subproject

Significant differences in placental chorionic surface shape (reflecting lateral chorionic vascular extension),
and placental disk thickness initially identified in the first EARLI family placentas analyzed in 2011 have
been confirmed in the ALSPAC cohort. This supports the hypothesis that deviations in placental
angiogenesis are correlated with ASD as diagnosed in ALSPAC and can be also demonstrated in placentas
of EARLI newborns that have not yet been diagnosed with ASD. Future exciting research will determine
whether the differences in EARLI placentas are confined to that percentage of children in such high risk
families who will eventually be diagnosed with ASD by 2 years of age, or whether high risk families have
global and basic differences in angiogenesis (in which case EARLI newborns will share deviations from the
standard patterns of vascular growth we have documented in low risk birth cohorts). This will allow more
targeted investigation of genes and gene-environment interactions in gestation that may be central to genesis
of ASD risk.

SUBPROJECT 3: EPIDEMIOLOGY OF GESTATIONAL MODIFIERS OF PLACENTAL VASCULAR
STRUCTURE AND ASD RISK

P.I: W. Ted Brown, MD, PhD, IBR; Co-Investigators: Carolyn M Salafia, MD, IBR; Eric London, MD, IBR;
Dawn P. Misra, PhD, Department of Family Medicine and Public Health Services, Wayne State University
School of Medicine, 101 E. Alexandrine, Room #203, Detroit, MI, 48201 (no animal or human use at any of
the above addresses; use of archived anonymized data only).

Given the final limitations of sample size, it would not be reasonable to pursue multivariate analyses of
relationships among placental features and gestational exposures or maternal medical or gestation factors in
regards to ASD case/control status.
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KEY RESEACH ACCOMPLISHMENTS

This project has, despite the obvious issues with specimen quality, provided the first population based
analysis of placental growth and development in children diagnosed with ASD compared to population
based controls. Given recent claims that there is placental villous maldevelopment in placentas of children at
risk for but not diagnosed with ASD, these data, of a comparatively “regular” placental shape, reduced cord
eccentricity and reduced villous arborization, speak against increased villous complexity. We have searched
for villous maldevelopment using confocal microscopy at the terminal villous level and have found no
evidence of altered villous development in this late gestational stage placental feature. We have, at no
additional cost, continued to incorporate EARLI high risk newborn’s placentas into data analysis, which in
Year 1 provided our first evidence supporting the hypothesis that placental structure is measurably different
in ASD cases, as well as potentially in their families, reflecting genetic predisposition to altered patterns of
angiogenesis or altered susceptibility to factors that modify angiogenesis. Methods for volume
reconstruction and estimation from 3D mesh and 2D photographs have been validated in the National
Children's Study, a significant cost savings to this project. An algorithm has been developed for the
automated selection of ROIs of a digitized IHC slide stained to identify CK7 a specific marker for
trophoblast which allows for more rapid review of whole slides and more consistent TSI diagnosis, both of
which will, if our analysis supports the association of increased numbers of TSI with ASD, provide an
inexpensive and reliable tool for TSI quantitation. The principles underlying the components of this
algorithm (positive pixel discrimination, object discrimination with labeling of villous structures by size and
histology characteristics, annotation of slides with ROI selection of areas meeting algorithm criteria for
dedicated review by expert pathologist) are readily translatable to our goals of clarifying the possible
association of other placental exposures (acute inflammation, chronic inflammation and oxidative stress)
with ASD case status.

Our findings are:

1. The chorionic surface vasculature in most cases of ASD differs from that of controls. The
differences in the placental chorionic surface networks are most striking in the arterial networks,
with similar but generally smaller effects seen in the venous networks. These differences consist
of a total reduction in the number of branch generations although not in a change in the number of
vessels originating off the umbilical cord, a reduction of almost 42.5% in vascular branch points,
total vascular surface length and failed extension of the chorionic vessels over the full surface of
the placenta chorionic plate (measured by an increased distance of vessels from the perimeter),
and altered angles of vascular branching. (Table 1). These reductions are common to ASD males
and ASD females. (Table 2)

2. There is a striking bimodal distribution of chorionic surface vascular parameters within
ALSPAC ASD cases, with the majority showing a ~40% reduction of chorionic surface branch
points compared to controls but 6 cases with markedly increased placental chorionic surface
branching, greater than one standard deviation above the mean for normal controls. (Figure 1)
The two groups of ALSPAC ASD cases cannot be distinguished by gender, gestational age or
extremes of birth weight or placental weight. We speculate, since pertinent data are not available
from ALSPAC, that this reflects heterogeneity within the ASD population as it was determined in
the early-mid 1990’s, and that these ASD “outliers” with marked surface hypervascularity are
cases of ASD diagnosed in genetic syndromes that currently are excluded from the spectrum of
ASD (e.g., Fragile X, Rett’s Syndrome, etc). These cases have been excluded from all analyses
(including (1), above). We propose this because in the ALSPAC cohort, the ASD sparse-
vascularized group shares essentially the identical mean and SD of placental chorionic surface
branch points with the high ASD risk EARLI (Early Autism Longitudinal Investigation) cohort of
newborns in families with an older child who has an ASD diagnosis (Table 3), while the
ALSPAC controls and the low ASD risk National Children’s Study have essentially identical
chorionic vascular parameters. Figure 2a-c presents the original photograph from which placental
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chorionic surface vascular networks are traced with the completed tracing, extracted, on the right,
as arterial and venous networks. Figures 3a-c includes representative chorionic surface vascular
networks of NCS placentas, and ASD placentas both with arterial branchpoints at the mean and 1
SD above the mean.

No gender dimorphism of vascular network structure is appreciated in ALSPAC ASD cases or
neurodevelopmentally normal controls in EARLI as a whole or stratified by gender. (Tables 2-3)

There is a statistically significant difference in ALSPAC ASD placental chorionic surface
shape, with reduced maximum radius, and reduced standard deviation of the radius of the
chorionic surface shape, compared to placentas of neurodevelopmentally normal control children.
(Table 4) This contrasts with last year’s report (see discussion, following).

There is a statistically significant reduced eccentricity of the umbilical cord insertion, as
compared to placentas of neurodevelopmentally normal control children. (Table 5) This contrasts
with last year’s report (see discussion, following).

After stratification by gender, these findings are also generally preserved, although
significance is attenuated among females with ASD due to the small sample size. (Tables 4-5)

Differences in these measures carry over into the range of the ASD phenotypes, with significant
differences in placental shape features when stratifying on either social understanding
phenotype or on “repetitive stereotyped behaviour” phenotype. (Tables 6-7)

There are no statistically significant differences in the slice dimensions of ALSPAC ASD
placentas as compared to the control group although the limited sample size in ALSPAC may
restrict inference. (Table 8) However, EARLI placentas have significantly different slice
dimensions when compared to a large birth cohort of ~1000 placentas with similar measurement
data. (Table 9) When comparing ALSPAC ASD cases and controls (Table 10, Figures 6a-h,
small sample size), and when comparing high ASD risk EARLI placentas with low ASD risk NCS
placentas (Figures 7a-c) there appear to be different “trajectories of villous arborization from the
center to the perimeter of the placental chorionic disk, with EARLI placentas showing reduced
central placental disk thickness but greater preservation of that level of arborization extending to
the perimeter, while NCS placentas show more variability throughout the distance from placental
disk centroid to edge. This is consistent with our empirical diffusion-limited aggregation (DLA)
model of placental growth (see References, Yampolsky et al) which predicted variability in
perimeter would be correlated with variability in thickness/villous arborization. EARLI placentas
have less perimeter variability and less variability in disk thickness. EARLI placentas are,
however, thinner in the more central regions of the placenta near the umbilical cord insertion, thus
the older portions of the placenta.

There is a statistically significant reduction in placental weight (~100 g, 20% of the weight of
a normal term placenta) for female ASD cases compared to female normal controls. (Table
5) We anticipated a decrease in volume compared to both groups of controls. However, there was
no statistically significant difference in volumes. (Table 5) This suggests that the placentas of
girls with ASD, which weigh less, but occupy the same volume, are “built” differently, with
relatively reduced branches despite similar length of long fetal stem anchoring villi. This would be
consistent with our previous finding of an alteration in beta, a measure of the integrity of the
placental vascular fractal in ASD cases compared to female normal controls.

The relationship between the placental chorionic surface vessel and the underlying placental disk
parenchyma dependent on that vessel differ in ASD cases as compared to controls. This was
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demonstrated in an analysis of the undeformed ALSPAC 3D scans with companion flat 2D
placental chorionic surface photographs., While the distribution of chorionic plate vessel segments
did not differ between the two groups and there was no statistically significant difference in
mean disk thickness between ASD cases and controls, both the maximum placental disk
thickness and the standard deviation of placental disk thickness were significantly reduced
significantly between ASD cases and controls. (Figure 5, Table 12) We interpret this as overall
supportive of our global impression of ASD placentas being more constrained, less variable in
shape, cord insertion, with more restricted arborization (reduced maximum thickness) and less
“flexibility” in arborization (reduced variability in disk thickness).

11. For this reason, we have examined the terminal villous structure (the end-vascular capillary
distribution of the surface chorionic arterial and venous networks) and the structure does
not appear to be simplified in ALSPAC ASD cases compared to matched controls.

These findings support our hypothesis that placentas in ASD will show alteration of the branching
structures known to be determined by the midtrimester (placental chorionic surface vascular
networks) compared to terminal villi which are mainly formed after this period. Thus placental
chorionic surface vascular network variance may parallel aberrant neuronal networks in ASD both in
terms of altered placental chorionic surface vascular branching and in gestational period of effect.

Additionally the differences in placental chorionic surface vascular networks (e.g., reduced branching
growth, decreased surface extension and greater arterio-venous distances) have considered to share a
theme of “parsimony”. The reduced length and surface area of these critical vascular networks is not
of a degree to impact birth weight, but may place an at risk fetus at a disadvantage of lesser
compensatory capacity and greater vulnerability to gestational stressors including inflammation
and/or oxidative stress, gestational exposures that have been associated with ASD risk.

While microscopic analysis of shape and structure was not a stated goal of this grant, because of the
observation of reduction in placental weight without a comparable change in volume suggesting different
“compositon” of villous parenchyma in ALSPAC ASD cases as compared to controls, and reports that
villous maldevelopment (in the form of “trophoblast stromal inclusions”, TSI), we have examined both the
gross structure of microdissected terminal villous clusters and the terminal villous microvascular structure
(the end-vascular capillary distribution of the surface chorionic arterial and venous networks), and neither
appear to be simplified in ALSPAC ASD cases compared to matched controls (11, above).

However, because of the potential value of any perinatal biomarker for ASD risk screening, we have
continued to pursue shape analysis at the microscopic level by developing highly specific
immunohistochemistry (IHC) methods for cytokeratin-7 (CK-7), a marker of placental trophoblast, the
villous “skin” (Figures 11 a-d). TSIs have been suggested to be more common in the placentas of newborns
with an older sibling with ASD (thus comparable to our EARLI cohort), however, no study to date has
examined a population based cohort of ASD placentas such as has been created by this grant, with ALSPAC
cases and controls. A pilot blinded review of 80 slides, from 20 ASD cases and matched controls did not
demonstrate an increased number of TSIs in our ALSPAC ASD cases. We consider this finding, albeit
preliminary, to be significant. Our population is unique in that studied placentas belong to case children with
formally diagnosed ASD and controls known to be without neurodevelopmental disability searched for this
villous feature. TSIs are suggested to mark increased villous surface complexity, with the greater surface
irregularity leading to more common appearance of an inclusion of surface trophoblast epithelium in the
villous core or stroma. Our cases are children actually diagnosed with (and not merely at risk for) ASD.
Given our finding of bimodal placental chorionic surface vascular branching measures (majority sparse, a
minority with increased complexity) in ALSPAC ASD cases, but not EARLI placentas, we predict increased
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villous surface complexity would only mark a minority of ASD children, and potentially those with
concurrent diagnoses in addition to ASD.

Our analysis method utilizes digitized slides, slides which have been processed such that the image
information contained on them is converted into a viewable file on any computer screen. Our algorithm has
set minimal criteria for irregularities of the villous surface and identification of regions of interest (ROISs)
with potential TSIs. These regions of interest (ROIs) are saved as an annotation of the analysed slide. The
slide with annotation and the same region of a serial section stained with routine hematoxylin and eosin (the
current published method for identification of TSIs) will be reviewed by specialist pathologists. Three
pathologists (Carolyn M. Salafia, MD MS (PI), Theonia Boyd, MD, Harvard Medical School, and Drucilla
J. Roberts, MD, Brigham and Women’s Hospital, Boston, MA) are participating in validation of TSI
identification on H&E and IHC stained slides. We expect some ongoing level of algorithm refinement to
optimize the IHC computational algorithms for automated digitized slide review and to develop a validated
algorithm for identification of TSls in routine stains. Since the frequency of TSIs was reported only rarely to
more that 3 per histological slide (<1 of villi), our approach will reduce expert pathologists’ time for slide
review, validate diagnostic criteria for TSIs in routine H&E and in IHC slides, and confirm or refute the
value of this marker as a perinatal predictor of ASD risk.

The differences between last year’s observations and these final data result from our decision to exclude data
from cases in which placental chorionic surface, disk thickness (from digital photographs or 3D scans) were
extrapolated from photographs or 3D scans of deformed placentas. We determined that our methods of
decrumpling and uncurling shapes or slices, while seemingly mathematically straightforward, did not yield
measures that were consistent with naked eye inspection of original images or the ruler measures provided in
real time by Dr Craig Platt at Bristol, UK, in the original processing of the placenta. The degree of
extrapolation to placental areas that cannot be seen directly in the scan (areas in a folded shape being
inaccessibly to the scan cameras) or are deformed (curled) in a digital image renders the data not comparable
to what is directly measured from well-preserved specimens. Since there were ~3 controls per ASD cases,
the error caused by these failed assumptions had the greater effect reducing variable shape measures in the
larger population.

These findings support our original hypothesis that the placental vascular tree is altered in ASD,
although heterogeneity in ASD diagnosis in the mid 1990’s, and the effective small sample size, may
limit the significance of our observations. We will continue to extend these methods to the EARLI
cohort as they reach age at which ASD diagnoses can be determined, and to population-based — and
actively accruing-- case-control cohorts we have established in our home institutions. The alterations
suggest a globally reduced flexibility of the placenta as it grows within the uterus, which may both
mark the ASD placenta, and create a risky prenatal environment that may set the fetus up for injury
with any subsequent exposure (e.g., inflammation, oxidative stress).

REPORTABLE OUTCOMES

An abstract of ALSPAC and EARLI chorionic disk and slice results was presented at the
International Federation of Placenta Association Meeting, Hiroshima, Japan, September 2012, and
the EARLI chorionic vascular data is being prepared for presentation at the Society for Gynecological
Investigation (SGI), Meeting in March 2013.

1. There was a statistically significant reduction in placental weight (~100 g) for female ASD cases
compared to female normal controls. This is true for the overall sample of females as well as when
restricting the sample to children born at term gestation or adjusting for gestational age. This was not the
result of outliers in either distribution. We did not find similar effects in males. While males represent the
vast majority of ASD cases, it appears that there may be differences within ASD by sex.
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2. The influence of gestational age on placental weight also appears to differ by sex. In multiple linear
regression analyses predicting placental weight by case/control status and gestational age, we also saw that
gestational age had a strong effect on placental weight for males but not for females.

3. There was no statistically significant difference in the smaller placental dimension for ASD cases
compared to normal controls among males or females However, the estimated difference among the girls
(~0.82 cm) was approximately two times larger than among the boys (~0.43 cm)

4. Based on these placental differences between males and females with diagnoses of ASD, 3, a marker of
placental functional efficiency as well as placental fractal structure, was calculated for the ALSPAC cohort.
Beta did not differ between boys with ASD (0.755+0.0239) and those without such a diagnosis
(0.753+0.0202). However B did differ between girls with ASD (0.733+0.0354) and those without such a
diagnosis (0.760+0.0161, p=0.001). By contrast, 3 did differ by gestational age in boys (point estimate of
effect=-0.002, p=0.009). The association of altered B in girls with ASD persisted after adjustment for
gestational age (point estimate of effect of ASD “case” status=0.03, p=0.01), and there was no independent
effect of gestational age on B in girls (p=0.53).

Abstracts were presented at The International Federation of Placental Associates (IFPA 2013),
Whistler, CA, September 11-14, 2013

1. Chorionic vascular structure and placental functional efficiency (beta) differ in high and low
ASD risk placental cohorts

2. Mapping placental topology from 3D scans, the graphic display of variation in arborization
across gestation

3. Placental terminal villi complexity in cases of autism spectrum disorder & their matched
controls

Five peer-reviewed Publications (see attached in appendices)
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CONCLUSION

This project brought together and standardized materials from international groups studying the importance
of the placenta’s role as a potential biomarker of ASD. The ALSPAC placenta sample from the UK remains
the largest collection of placentas from a population cohort in which neurodevelopmental examinations were
universally applied and placentas were archived. The partnering of resources provision by the Department of
Defense and the State of NewYork at the Research Foundation for Mental Hygiene, Inc., located at the
Institute for Basic Research in Developmental Disabilities provided a successful environment for this project
to be conducted. Despite the large number of deformed specimens provided to the research team, we have
capitalized on our exhaustive analytic experience with the UNC-PIN study (R, the NCS Formative Research
Study (NIH-NCS-LOI-BI0-2-18) , and the EARLI cohort to provided replicated evidence of aberrant early
placental angiogenesis in terms of surface expansion and stem villous arborization, and have new evidence
of dir5ect abnormality of chorionic vascular network, in terms of reduced branch generations and vascular
surface density that may be vascular counterparts of the altered neuronal connectivity documented in ASD.

Most importantly, our analyses confirm our hypothesis that placental structure varies between ASD cases
and in families with an autistic sibling, compared to a large birth cohort. To date most placentas are still
discarded as medical waste. We clearly demonstrate that the placenta in ASD differs from population-
based controls, and that with increased ASD risk (EARLI compared to NCS), similar differences are
found. Discarding the placenta at birth is a missed opportunity, in terms of the continued refinement
of a screening set of perinatal biomarkers, as well as in regards to contributions towards
understanding the causal chain that leads to ASD.

The differences in placental chorionic surface vascular networks (e.g., reduced branching growth,
decreased surface extension and greater arterio-venous distances) can be considered to share a theme
of “parsimony”. The reduced length and surface area of these critical vascular networks is not of a
degree to impact birth weight, but may place an at risk fetus at a disadvantage of lesser compensatory
capacity and greater vulnerability to gestational stressors including inflammation and/or oxidative
stress, gestational exposures that have been associated with ASD risk. Thus, the abnormal placenta we
have documented may be a perinatal biomarker and also on the causal pathway to the persistent
neuronal injury that has been suggested to underlie ASD.
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The Prevalence and Distribution of Acute
Placental Inflammation in Uncomplicated Term

Pregnancies

CAROLYN M. SALAFIA, MD, CRISTINE WEIGL, BS, AND LESTER SILBERMAN, MD

The clinical relevance of histologic evidence of acute ascend-
ing intrauterine infection has been called into question by
descriptions of “’silent” chorioamnionitis. The described
frequencies of silent chorioamnionitis in normal and abnor-
mal pregnancies vary widely because of differences in the
definition of a normal pregnancy, methods of placental
examination, and pathologic criteria. Therefore, we exam-
ined placentas from 161 uncomplicated gestations for the
presence and severity of acute inflammation in the amnion,
chorion-decidua, chorionic plate, and umbilical cord using
strict gross and microscopic protocols. Indicators of amniotic
fluid infection, specifically umbilical cord inflammation,
amnionitis, and inflammation within the chorionic plate
were present in 0, 1.2, and 4% of the cases, respectively.
Silent chorioamnionitis was rare. There was a statistical
association between the presence of acute inflammation and
the occurrence of labor at term. Methods of tissue sampling
that included a more extensive examination of the site of
membrane rupture resulted in an increased frequency of
diagnosis of acute inflammation at the site of rupture in
vaginal deliveries at term. (Obstet Gynecol 73:383, 1989)

A histologic diagnosis of chorioamnionitis is associated
with an increased risk of preterm delivery and neona-
tal sepsis, conditions that remain among the leading
causes of perinatal morbidity and mortality in devel-
oped countries.?”® Despite a statistically significant
relationship between the presence of histologic cho-
rioamnionitis and the isolation of organisms from the
amniotic fluid,® clinically “silent”” chorioamnionitis is
also reported frequently,” calling the clinical relevance
of such a diagnosis into question.? Part of the contro-
versy is due to the wide variation in reported preva-
lence of acute inflammation of the placenta, mem-
branes, and cord, which ranges from as low as 4.8% to
as high as 48.8%.2 Fox? suggested that reasons for this
discrepancy include variations in methods of tissue

From the Departments of Laboratory Medicine and Obstetrics and
Gynecology, Danbury Hospital, Danbury, Connecticut.
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sampling, pathologic diagnostic criteria, socioeco-
nomic status, and obstetric practices. Ideally, if one
were able to control for many of these variables, one
could make a true assessment of the prevalence of
subclinical acute inflammation of the placenta in un-
complicated pregnancies. This approach is critical to
proper evaluation of the significance of acute inflam-
mation in pregnancies complicated by shortened ges-
tation, labor abnormalities, or fetal distress.

A low-risk and high-socioeconomic-level community
hospital population is one in which uniformity of
obstetric practice is the general rule, and may be
unique among populations currently reported in the
literature. We conducted. this study to determine the
frequency of diagnosis of acute intrauterine inflamma-
tion in pregnancies with uneventful antepartum, intra-
partum, and postpartum courses in our community
hospital population, and to examine the effects of our

~method of tissue sampling on the diagnosis of acute

inflammation.

Materials and Methods

Since 1983, placental pathologic study has been a
routine part of the evaluation of any complicated
pregnancy, delivery, or neonatal course at the Dan-
bury Hospital. Clinical data are collected on standard
Hollister data forms, by which past medical, prenatal,
intrapartum, and neonatal data are recorded in a
checklist format. All deliveries with any clinically rel-
evant maternal, fetal, or neonatal complications rou-
tinely have placental histopathologic examination, A
consecutive series of 161 uncomplicated term deliver-
ies form the basis of this data set. These included 103
uncomplicated vaginal deliveries, including two oxy-
tocin inductions and five oxytocin stimulations, and 58
cases of cesarean delivery, 35 in which labor did not
begin (cesarean section — labor) and 23 deliveries
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Table 1. Grading System for Acute Intrauterine
Inflammation

Amnion and chorion-decidua
Grade 1—One focus of at least five PMNs
Grade 2—More than one focus of grade 1 inflammation, or at
least one focus of five to 20 PMNs
Grade 3—Multiple and/or confluent foci of grade 2
Grade 4—Diffuse and dense acute inflammation
Umbilical cord
Grade 1—PMNs within the inner third of the umbilical vein wall
Grade 2—PMNss within the inner third of at least two umbilical
vessel walls
Grade 3—PMN:ss in the perivascular Wharton jelly
Grade 4—Panvasculitis and funisitis extending deep into the
Wharton jelly
Chorionic plate
Grade 1—One focus of at least five PMNs in subchorionic fibrin
Grade 2—Multiple foci of grade 1 in subchorionic fibrin
Grade 3—Few PMNs in connective tissue or chorionic plate
Grade 4—Numerous PMNs in chorionic plate, and chorionic
vasculitis

PMNs = polymorphonuclear leukocytes.

following the spontaneous onset of labor (cesarean
section + labor). Cesarean section — labor consisted
exclusively of elective repeat cesarean section in mul-
tiparous patients. No data were available concerning
the degree of cervical dilatation at the time of cesarean
section. The cesarean section + labor group comprised
patients whose membranes ruptured spontaneously
and in whom the duration of labor was less than 100
minutes. The mean gestational age was equivalent for
all methods of delivery.

Tissue sampling and histologic examination were
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performed without knowledge of clinical data. The
method of placental examination involved a modifica-
tion of the method of Benirschke,® in which two
samples of membranes are taken, one a standard
membrane roll and the second a rim of membranes
from the site of membrane rupture, as determined by
gross examination. We noted the presence of acute
inflammation of the extraplacental membranes, cord,
and chorionic plate, and graded the severity of the
inflammation at each site. Any tissue that contained
cells clearly identifiable as polymorphonuclear leuko-
cytes was graded as positive for acute inflammation,
using a scale of 1+ to 4+ (Table 1; Figures 1-4). The
amnion was graded as a separate tissue because it is
frequently separated from the chorion and decidua
mechanically in the course of delivery, and a tissue
section may not include amnion and chorion-decidua
samples juxtaposed in utero. Although it has been
standard practice to localize inflammation to either the
chorion or decidua, we chose to describe patterns of
acute inflammation in this tissue. In certain cases,
polymorphonuclear leukocytes were present in the
decidua with minimal decidual destruction and dem-
onstrated a directed migration toward the amnion and
amniotic fluid space. At tissue interfaces, such as the
junction of cellular and connective-tissue chorion, this
migration appeared to be impeded, and polymorpho-
nuclear leukocytes piled up at this interface. This
pattern was termed ‘‘marginating” (Figure 3). “Non-
marginating’”’ choriodeciduitis was defined as any
other distribution of polymorphonuclear leukocytes in
chorion and decidua. Frequently, nonmarginating in-

Figure 1. Chorionic plate: mater-
nal polymorphonuclear leukocytes
in subchorionic fibrin and focally
invading the chorionic plate, grade
2 (H&E, x 10).
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Figure 2. Chorionic plate: maternal infiltrate in subchorionic fibrin
with fetal vasculitis, grade 4 (H&E, x 10).

Figure 3. Marginating choriodeci-
duitis with maternal polymorpho-
nuclear leukocytes at the junction
of the cellular and connective tissue
chorion and sparsely present with-
in amnion, grade 3 (H&E, x 20).
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flammation appeared as a destructive decidual inflam-
matory process (Figure 4) in which the chemotactic
stimulus for maternal polymorphonuclear. leukocyte
migration appeared to be located in the decidua.

Statistical analysis used the x? technique, with
Fisher correction for small sample sizes where applica-
ble.

Results

Table 2 summarizes the distribution of acute inflam-
mation in the membranes, chorionic plate, and umbil-
ical cord. Acute inflammation involving the amnion
and umbilical cord occurred rarely, with frequencies of
1.2 and 0%, respectively. The two cases of amnionitis
occurred in association with normal vaginal delivery.
Whereas mild acute inflammation of the intervillous
fibrin beneath the chorionic plate was fairly common,
only 4.3% (seven of 161) showed inflammation of the
chorionic plate itself (grade 3 or 4). The frequency of
acute marginating choriodeciduitis was 2.5% (four of
161); the small number of cases precluded analyses of
association with other sites of acute inflammation.
Seven women who delivered vaginally had labor in-
duced or stimulated with oxytocin. The placentas from
these deliveries showed a random occurrence of grade
1 acute inflammation of chorion-decidua only. These
cases are included in the vaginal delivery group in all
tables and analyses.

The prevalence of acute inflammation of the chorion-
decidua was as high as 54% (56 of 103) at the site of
membrane rupture in vaginal delivery cases, but was
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present in only 36% (21 of 58) of the cesarean section
cases (Table 3). This represents a statistically signifi-
cant difference between vaginal delivery and cesarean
section cases (x2 = 4.9; P = .02). In both vaginal and
cesarean deliveries, we observed significantly fewer
examples of higher grades of choriodecidual inflamma-
tion, and the pattern was almost uniformly nonmargi-
nating (Tables 4 and 5). Cesarean section cases with
labor demonstrated an increased prevalence of acute
inflammation over those without labor, which was
statistically significant in the membrane roll (x® = 6.3;
P = .01). We found no difference in the prevalence of
inflammation of the chorionic plate; again, grades of
acute inflammation describing other than a sprinkling

Prevalence and Distribution of Acute
Inflammation in the Placenta According to Grade

Total Grade
(N =161) 1+ 2+ 3+ 4+

Table 2.

Membranes—site of
rupture
Amnion
Chorion-decidua
Membrane roll
Amnion

2(1%) 1(0.5%) 0 0 1(0.5%)
77 (48%) 70 (91%) 3 (4%) 1(1%) 3 (4%)

1(0.6%) 0 0 1 0
Chorion-decidua 61 (38%) 57 (93%) 3 (5%) 1(2%) O
Chorionic plate 44 (27%) 35 (79%) 2 (5%) 5 (11%) 2 (5%)

Umbilical cord 0 1} 0 0 0

Percent grades of inflammation indicate percent of total samples
with inflammation in that tissue. Because cases may have been
positive in both site of rupture and membrane roll, the total number
of positive membranes is greater than the total number of cases.
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Figure 4. Predominantly nonmar-
ginating deciduitis with decidual
destruction, grade 2 (H&E, X 10).

of polymorphonuclear leukocytes within subchorionic
fibrin were rare in all cases.

We evaluated the site of tissue sampling for its effect
on the rate of detection of acute inflammation. Sam-
pling of membranes from the pericervical area is ex-
pected to yield a higher prevalence of acute inflam-
mation because of potential colonization of the
membranes by the cervicovaginal flora. In addition,
the site of spontaneous membrane rupture is expected
to demonstrate an increase in acute inflammation be-
cause of the effect of membrane inflammation on the

Table 3. Prevalence and Distribution of Acute
Inflammation in the Placenta by Mode of
Delivery
CSs -
Total Vaginal labor  CS + labor
(N=161) (N=103) (N=35 (N=23)
Membranes—site of
rupture
Amnion 2(1%) 2 (2%) 0 0
Chorion-decidua 77 (48%) 56 (54%) 11 (31%) 10 (43%)
Membrane roll
Amnion 10.6%) 1 0 0
Chorion-decidua 61 (38%) 42 (41%) 8 (22%) 11 (48%)
Chorionic plate 4 (27%) 23 (22%) 13 (37%) 8 (35%)
Umbilical cord 0 0 0 0

CS = cesarean section.

Percent grades of inflammation indicate percent of total samples
with inflammation in that tissue. Because cases may have been
positive in both site of rupture and membrane roll, the total
number of positive membranes is greater than the total number of
cases.
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process of membrane rupture.® In the cesarean section
cases with intact membranes, the site of artificial mem-
brane rupture is distant from the cervix. The mem-
brane sample from the site of surgical incision into the
membranes would represent a random sample, similar
to the sample taken in a membrane roll. A lower
prevalence of acute inflammation and agreement in
diagnoses of acute inflammation would be expected in
the two random membrane samples taken in cesarean
section cases. Of the 58 cesarean section cases, 21
showed acute inflammation at the site of rupture and
19 showed acute inflammation in the membrane roll.
In the 103 vaginal deliveries, 56 pericervical samples
demonstrated acute inflammation, compared with 39
membrane roll samples. We made an additional 17
diagnoses of acute choriodeciduitis (30%) given a more
extensive sampling of pericervical tissues, for an in-
crease of 43.5%.

We noted an equal prevalence of acute inflammation
at each week of gestation from 37-42 weeks (data not
shown). Examination of the prevalence of acute in-
flammation in cases differing by mode of delivery also
failed to show an effect of gestational age (data not
shown).

Discussion

Whereas other studies have reported up to 70% of
cases of chorioamnionitis as being clinically silent,°
this study indicates that if the definition of a normal
delivery excludes all forms of fetal distress, truly silent
histologic inflammation of the amnion is rare, occur-
ring in only 1-2% of cases (two of 161). Umbilical
vasculitis/funisitis, grade 3 inflammation of the chori-
onic plate, and acute amnionitis have been correlated
strongly with the isolation of organisms from amniotic
fluid obtained by amniocentesis.® Preliminary data also
indicate that acute marginating choriodeciduitis is cor-
related with intra-amniotic infection (Romero RJ, Sa-
lafia CM, unpublished observations). Marginating cho-

Table 4. Grade of Acute Choriodecidual Inflammation at
the Site of Rupture According to Method of

Delivery
Grade
Total 1+ Grade 24+
Vaginal (N = 103) 56 51 (91%) 5(9%)
CS + labor (N = 23) 10 9 (90%) 1 (10%)
CS — labor (N = 35) 11 10 (91%) 1 (9%)

CS = cesarean section.

Percent grades of inflammation indicate percent of total samples
with inflammation in that tissue.

Vaginal vs CS — labor: 2 = 4.65, P = .03, odds ratio = 2. Other
comparisons not significant.
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Table 5. Grade of Acute Choriodecidual Inflammation at
the Membrane Roll According to Method of

Delivery
Grade
Total 1+ Grade 24+
Vaginal (N = 103) 42 40 (95%) 2 (5%)
CS + labor (N = 23) 11 10 (91%) 1 (9%)
CS — labor (N = 35) 8 7 (88%) 1 (12%)

CS = cesarean section.

Percent grades of inflammation indicate percent of total samples
with inflammation in that tissue.

Vaginal vs CS — labor: ¥* = 4.12, P = .04, odds ratio = 2.5; C5
+ labor vs CS — labor: ¥* = 6.3, P = .01, odds ratio = 4.2.

riodeciduitis, chorionitis, umbilical vasculitis, and
amnionitis—histologic indicators of significant intra-
amniotic bacterial colonization and amniotic fluid in-
fection—are rare in uncomplicated term pregnancies.
Inflammation of the chorionic plate has been used as
the sole criterion in the diagnosis of chorioamnion-
itis,’* with chorioamnionitis defined as the presence of
no fewer than four polymorphonuclear leukocytes per
high-power field in the chorionic plate. However, low
grades of chorionitis, acute inflammation confined to
the subchorionic fibrin, were not consistently associ-
ated with a positive culture.® In this study, every case
graded as positive for inflammation in the chorionic
plate also had associated inflammation in the chorion
and decidua. This strong correlation suggests that this
mildest degree of chorionic plate inflammation may be
a response to the earliest stage of intra-amniotic infec-
tion, in which minimal numbers of intra-amniotic
organisms are present. Alternatively, an inflammation
based in the decidua may result in the “contami-
nation” of the amniotic fluid with chemotactic factors,
which then elicit the migratory response from maternal
polymorphonuclear leukocytes in the intervillous
space. The low prevalence of marginating choriodeci-
duitis suggests that the primary site of generation of
chemotactic stimuli was usually not the amniotic fluid,
and supports the latter interpretation. Certain cases of
low-grade chorionitis may therefore represent amniot-
ic fluid inflammation rather than infection proper.
Acute deciduitis, without inflammation of chorion,
has been excluded in several other studies of acute
inflammation. "' Acute inflammation confined to the
decidua, and of the mildest grade, constituted most of
the diagnoses of acute inflammation (70 of 77 at the site
of membrane rupture; 57 of 61 in the membrane roll).
Schneider™ found acute deciduitis in 85% of sponta-
neously delivered placentas, which is consistent with
our observations. Fox? suggested that, given its prev-
alence, acute deciduitis may be a physiologic phenom-
enon of no significance. Acute inflammation was most
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prevalent in the pericervical tissues at the site of
membrane rupture in women delivering vaginally (56
of 103), and was significantly more frequent than in
cesarean section cases with no labor and intact mem-
branes. The prevalence of acute inflammation in peri-
cervical tissues may simply be due to the proximity of
these tissues to the vaginal flora throughout the course
of labor. Alternatively, pericervical membrane infec-
tion, through actions of bacterial digestive enzymes on
the connective-tissue component of the amnion, cho-
rion, and decidua,’ may play a role in membrane
rupture at term.

We did not perform amniotic fluid or placental
cultures in this study. Therefore, any assumption of an
infective etiology of the observed acute inflammation
must be examined critically. Noninfective etiologies of
chorioamnionitis have been proposed; as summarized
by Fox,? these include fetal hypoxia, changes in the pH
of amniotic fluid, maternal immunologic reaction to
fetal tissues, the irritative effects of meconium, or a
nonspecific response to the poor condition of the
infant. The present study specifically excludes cases of
fetal hypoxia or acidosis, clinically detectable passage
of meconium, or compromised fetuses or neonates.
We did not examine amniotic fluid pH, and did not
assess maternal-fetal immunologic incompatibility.
However, there is no reason to suspect pH abnormal-
ities of amniotic fluid in this normal group. Maternal-
fetal immunologic incompatibility has been associated
with poor pregnancy outcome in several studies'®';
again, these outcomes are specifically excluded here.

Staples et al'® have demonstrated the development
of a polymorphonuclear leukocyte infiltrate in sheep
decidua after oophorectomy. They suggested that the
decrease in circulating and intrauterine progesterone
levels after oophorectomy leads to a decrease in pro-
gesterone-mediated immunosuppression, permitting
the intrauterine infiltration. Romero et al have re-
ported a drop in both absolute levels of intra-amniotic
progesterone and the estrogen/progesterone ratio in
amniotic fluid of women in labor, compared with
nonlaboring women (Romero R], Scoccia B, King Y,
Hobbins JC, Benveniste R. Evidence for a local change
in the estrogen/progesterone ratio in human parturi-
tion. Abstract, Society of Perinatal Obstetricians, Feb-
ruary 1988). Although it may be reasonable to attribute
a proportion of acute deciduitis in the pericervical
tissues to ascending infection, low-grade polymorpho-
nuclear leukocyte infiltrates distant from the site of
rupture may reflect the effects of an intrapartum de-
cline in progesterone levels. The polymorphonuclear
leukocyte infiltrate observed by Staples et al was
shown to be dependent upon the presence of fetal
tissues in the uterus, and may be considered a mani-
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festation of a maternal rejection response to fetal
alloantigenicity.

Acute inflammation has been linked to the sponta-
neous onset of labor prior to term,! and in this context
is considered almost exclusively to have an infectious
etiology.>*>> Complex hormonal priming, a shift in
favor of promotion of prostaglandin production with
increasing gestational age, and modifications of the
myometrial cell itself cause labor to be initiated pro-
gressively more easily with advancing gestation.'® This
study observed statistically significant associations of
acute decidual inflammation with the presence of labor
at term, independent of the eventual method of deliv-
ery. Even cesarean section cases with labor lasting less
than 100 minutes showed more frequent acute decid-
uitis than those without labor. The severity of acute
deciduitis noted in the present study is dramatically
lower than that noted in association with premature
onset of labor prior to 37 weeks’ gestation (Salafia CM,
unpublished observations). This would be expected,
given the more complete preparation of the term
uterus for the initiation of labor.?® To initiate labor at 27
weeks by a mechanism involving acute inflammation
may require a greater degree of inflammation than that
required to initiate labor at term. Whether a mild
degree of acute decidual inflammation, a potential
source of intrauterine prostaglandins, contributed to
labor onset, or whether a labor-triggered decline in
progesterone levels permitted the infiltrate in response
to fetal antigens, cannot be determined by this study.
The increased frequency of pericervical acute inflam-
mation suggests that ascending (transcervical) infec-
tion plays a role in the genesis of the histologic lesions
observed.
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PLACENTAL PATHOLOGY AND
ANTIPHOSPHOLIPID ANTIBODIES:
A DESCRIPTIVE STUDY

Carolyn M. Salafia, M.D.] and I Susan Cowchock, M.D.*

ABSTRACT

We described placental pathology in antiphospholipid antibody (APL) syndrome,
APL and no history of recurrent pregnancy loss, and in treated and untreated pregnan-
cies of APL syndrome. Thirty-nine pregnancies of 28 patients were studied: 23 placen-
1as delivered irom 23 women with APL (13 with APL syndrome and 10 with serologi-
cal APL); 8 untreated miscarriages before APL diagnosis irom 6 of the 13 patients wilh
APL syndrome and 1 of 10 with serological APL; and 8 miscarriages by 5 additional
women before APL syndrome diagnosis. Histopathology was reviewed by a patholo-
gist blinded except 10 gestational age. Contingency tables and analysis of variance
(ANOVA) cansidered p < 0.05 significant. Comparing the placentas delivered at >18
weeks’ gestation, excessive perivillous coagulation, avascular terminal villi, and
chronic villitis/uteroplacental vasculitis tended to be more common in treated APL
syndrome than serological APL cases (p = 0.07). Oi the 16 miscarriages before diag-
nosis of APL, 11 were lost at <18 weeks’ gestation. None had pathology typical of
APL, but 4 of 11 (36%) had chronic intervillositis. Five of 16 miscarriages before the
diagnosis of APL were miscarried between 18-22 weeks. Three of 5 (60%) miscarried
after 18 weeks had multifocal uteroplacental thromhaoses, compared to 6 of 13 (46%)
treated pregnancies with APL syndrome and 0 of 10 cases with serological APL.

Keywords: Antiphospholipid antibodies; placental pathology; uteroplacental vessels;
coagulation

Antiphospholipid atibodies (APL) are associ- clotting times) lack specificiny. These wests detect a

ated with recurrent thrombaotic events, thrombocy-
topenia, and with repeated fetal deaths.! The term
APL syndrome has been used when APL are associ-
ated with one or more of these events. The detec-

tion of these antibodies in patients with histories off

poor pregnancy outcome indicates an increased
risk of additional pregnancy losses. However, the
tests (immunoassays for anticardiolipin antibodics
and/or prolongation of phospholipid-dependent

broad family ol antibadies of varyving specilicitics
for phospholipid and phospholipid-proticin. com-
plexes.? The predictive value of positive APL tests in
general obstetric populations at low risk for fewl
lass is poor. The mechanisins underlying those fetl
deaths associated with pathological APL are un-
known.

The placental lesions reported to oceur in
cases of APL-associated fetal loss include a wide
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range of uteroplacental vascubar lesions, inclnding

uteroplacental thrombosis,® fibrinoid necrosis off

the vessel wall and atherosis, as well as placental
damage such as infaret and fibrosis secondary to
uteroplacental vascular discase, The laver inclides
placental infarction and  hiypovascular  fibrosed
villi.! These changes are also described in placentas
fronn patients with systemice lupus ervihennnosus,
who may have had associated APLA The predomi-
mance in older reports of coagulation-associated
placental pathology is one reason for the currem
use of heparin in the weatment of APL during preg-
naney. Generally, only pliacentas from patients with
the APL syndrome have been studied. No previous
report has compared pathological findings in pla-
centas from APL women withow clinical or obstet-
ric svymptoms  (serological ALY 1o those from
women with the APL syadrome, or compared pla-
centas from prospectively ascertained and treated
pregiuancies 1o those from prior uireated preg-
mancies. This study compares placental pathologi-
cal findings in pregouancies of women in whon the
tinding of APL may have been coincidental (a

group defined serologicallv but without a history of

thromboaosis, thrombacytopenia, or repeated fetal

losses, N = 1), 1o placentas [rom pregnancies of

APL women with history of 2 or more prior fetal
losses (N = 13). The serological APL group was
ieated with 80-mg aspivin dailv or given no specific
teannent, while those with APL svindrome were
weated with heparin or prednisone plius BO-ing as-
pirin daily.

METHODS AND MATERIALS
Patient Population

I the context ol teatment trials? of the effeers
ol therapy on APL-associated preguaney loss, per-
mission o obtain tissue or prepared blocks and
slides from placemas delivered from envolled pa-
tents was part of the consent form approved by pa-

ticipating Institutional Review Boards, The goal of

the treatmient wials was to compare the pathology
alter oreatment with aspirin plus cither heparin or
preduisone in patients with APL syndrome and 2 or
more prior losses and those of women with APL bt
no history of recurvent pregnaney loss (sevological
APL) wreated with aspirin or usual obstetric care.’

The criteria for diagnosis and confirmation of APL
were the sime for all women whose pregnancices
were studied. Immunoassays for IgM and 1gG class
anticardiolipin antibodies werve performed e col-
laborvating instintions and repeated at least once,
Positive results were confirmed i either valne was
at or above 2.0 muldples of the median. Tests for
lupus anticoagulants  included  activated  partial
thromboplastin times, or dilute Russell viper venom
times. Prolongation of clotting times more than 2
SDs above the normal mean were confirmed by 1:]
dilntion of the sample with fresh-frozen plasma to
exchude clotting factor deficiencies. Patients were
considered to be APL positive if cither or hoth tests
were repeatedly positive.

One group of patients represented a subset of
the published treatment wial® Thirteen of the 20
(65%) preguancies delivered of women with APL
syudrome in this trial were available for stdy, as
were 10 of 19 (5395 placentas delivered of women
with serological APL. None of the patients with
serological APL had only Ighl anticardiolipin. Six of
the 13 women with APL syndrome also had one pre-
treatment miscarriage available for review, and one
of the women with serological APL had wwo prior
untreated miscarriages available for review. Clinical
data are presented in Table 1.

We also requested permission to review slides
or blocks from prior pregnancies of women en-
ralled in other trials of thevapy for APL and whose
laboratory testing demonstrated  the above  de-
scribed diagnostic abnormalities. Five women had a
iotal of § untreated miscarviages prior (o diagnosis
of APL syndrome available for review. Therefore, a
total of 16 untreated miscarriages from then undi-
agnosed women were included in the study. These
patients had APL detected and at the time of pre-
sentation for therapy had an least two prior miscar-
riages.

Placental Examination

Placental examination was performed by a sin-
gle blinded pathologist (CM.S.) on 16 of the 23
prospectively  studied  placentas. Placentas were
weighed after removal of adherent blood and um-
bilical cord. Presence, number, and estimated vol-
mnes of infiret and intervillous thrombus were
recorded. Four sections of grossly normal placenta

Table 1. Comparison of Clinical Data from Patients Whose Placentas from Prospectively Ascertained and Treated
Pregnancics Underwent Systematic Pathologic Examination

APL Syndrome Serological APL

Average number of prior Josses
Prior live birth(s)

Medical complications

G ACL

Lupus anticoagulant

1561500138
23% (30l 13)
23% arof 13)
69% (9 of 13)
46" 16 0f 13)

0.4 o 10
80% (8 01 10)
0% (0 of 10)
50% (5 of 1)
30% (3 of 1))

*p calculated using two-tailed Disher's Euact or Taesls,
“Thrombaosis €3), Svatemic Lupus Erythematosus 013,
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were examined microscopically for perivillous {ib-
rin depasition, chorionic and fetal stem vessel
thrombi, avascular villi, and chronic villitis/intervil-
lositis. Sections of the basal plate inctuded decidual
segments of uteroplacental vessels, The remaining
7 placentas from prospectively ascertained preg-

nancies were studied in local hospitals; veports of

gross examinations and 21 slides from these 7 cases
were reviewed. Tissue sampling from the 16 pre-
cnrollment mwntreated pregnancy losses was per-
formed at relerring hospitals. Nincty-four hema-
toxylin and cosin stained slides Irom the 16 cases
were examined and diagnoses made according (o
published critevia.™® Lesions were scoved as absent
or normal/present or excessive Tor gestational age.
Placental lesions were grouped as: (1) uteroplacen-
tal vascular pathology and secondary villous dam-
age, (2) lesions involving coagulation. and (3) le-
sions of chronic inflammation,

1. Uteroplacental vascular  pathology and  scc-
ondary villous damage. Uteroplacental vascular
pathology included the uteroplacental lesions,
and the villous lesions which may be the result
of uteroplacental vascubar pathology. Specilic
lesions of the uteroplacental vessels were fibri-
noid necrosis/athervosis and absent or incom-
plete physiological conversion of the basal spi-
-l vasculawure. The latter diagnosis was made
when the normal endovascular trophoblast de-
struction of the muscular and elastic compo-
nents of the decidual spiral vessels did not oc-
cur or was incomplete.® Incompletely converted
vessels retained muscle and elastic in their walls
and resembled spiral vessels of the late hateal
phase endometrinm.? Lesions considered to be
indivect  effects of  uteroplacental  vascular
pathology included villous infarcts,!Y terminal
villons fibrosis, and tevminal villous hypovascu-
larity. 12 Infarcts were considered as single or
mubtiple, and lesions of villous fibrosis and -
povascularity were subjectively scored as mild oy
severe {(e.g.. Fig. 1). To prevent multiple classifi-

Figure 1. Placenta from 18-weck fe-
tal demise, mother with APL, no therapy:
Chorionic villi are shrunken and fibrotic
with small caliber capillaries (large ar-
rows), with a nucleated erythrocyte, re-
duced capillary number, and markedly in-
creased trophoblast knotting (small arrows),
representing severe and chronic ischemic
villous damage. Hematoxylin and cosin
stain (102 original magnification).

cation of lesions, two types of uteroplacental
vascular lesions, occlusive vascular thrombi and
chronie utevoplacental vasculitis, were assigned
10 the categories of coagulation-related lesions
and chronic inflannmation, respectively,

2. Lesions involving coagulation. Coagulition-re-
lated lesions were grouped by anwomical loca-
ton within the placenta: (1) maternal circula-
tion, (2) villous raphoblast surface, or (3) within
the ferto-placental circulation. The coagnlation-
related lesion identilied in the maternal civcula-
tion was occlusive uteroplacental vascular throm-
bus. On the placental surlace, initintion ol coag-
ulion results in deposition of fibrin on the
villous trophoblast surface and around villi
(perivillous fibvin deposition™). Sone perivil-
lous librin is present in normal placentas.” Fx-
cessive perivillous fibrin deposition, with en-
trapment of >20% of villi in any one slide in
perivillous fibrin, was considered pathological.
Lesions reflective of coagulation within the te-
toplacental civenlation were  thrombi within
chorionic or fetal stem vessels, and or ocdlu-
ston in the microcirculition demonsirated b
foci ol avascular terminal villi.

3, Lesions of chronic inflammation. Chronie in-
lammation was also distinguished by anatomi-
cal location. In maternal tissues, chronic in-
Mammatory  lesions  included  weroplacental
vasculitis (defined as a mononuclear infiltrate
within the maternal vesset wall of cither the
basal or parietal decidima)y ™ and dense decidual
infiltrtes with a plasma cell component.
Chronic perivillous inflammation was labeled
chronic intervillositis.'* Villi with a stromal
mononuclear cell infiltrate were diagnosed as
chronice villins.1?

Diagnoses in cases ol carlv pregnaney losses
were made according o previously published erire-
ria.! These criteria considered the integrin ol the
villous circulation, the propovtion of nudeated
anucleated evythroevies, and the presence and ex-
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went ol villous hydrops in additon 1o the histologic
lesions deseribed above,

Given the Lack of uniformity of tissue sampling
in materials reviewed from referral hospitals, this
studv was conceived primarily as a descriptive pre-
sentation of APL-associated placental histopathol-
oy throughout gestation and in relation 10 ther-
apy for APL syndrome. Statistical  comparisons
were included as appropriate. Mann=Whitney (-
tests and Fisher's exact tests compared medians
and proportions in groups, respectively, with p
0,05 considered significant, Al analyses were two-
tailed.

RESULTS
Prospectively Ascertained and Treated Pregnancices

Tweniy-two of the 23 placemas from prospec-
tvelv ascertained and treated cases were [rom preg-
nancies ending in live births, The sole fetal death
G IS weeks” gestation) occurved incthe group of 13
patients with AL syndrome and recnrrent preg-
naney loss. All other pregnancies delivered s > 26
weeks” gestation. The 13 women with APL svn-
drome and 1wo or more prior losses delivered sig-
mficantly carlier tam the 10 women with serologi-

cal Al (h 4 £ LO weeks vs, 381 2 1.2, p < 0.05),
Ihe placenas ol women with APL syndrome were
also lighter (4127 = 113 ¢) than placentas of women
with serological APL (372 & 80 g, p < 0.05): this dil-

ference was due to the shorter gestational length of

patients with APL svndrome,
the lesions identified i
pregrancies.

Tables 2and 3 present
in the placentas of the 23

Treated Pregnancies from Patients with APL
Syndrome and Recurrent Pregnancy Losses
(Table 2)

The single case of letal demise showed exien-
sive nieroplacental vascular p;lllmlng\' and chronic
villitis (patient 13, Table 2). Six of the 13 (16%%) pla-
centas with APL syndrome had uleropl'\ccnl.ll vas-
cnlar p'lllu)lug\' and seven of 13 (54%) placentas
had coagulation-related lesions. Two ("& 550) pla-
centas had coagulation related lesions in wo or
wore anatomical sites (i.c.. maternal circulation,
villous surface, and/aor placental civeulation), Four
of the 13 (319) placentas with APL syndrome had
chromic villids and/Zor decidual plasma cell infil-
wates. Two placentas had no lesions,

Treated Pregnancies from Patients with APL but No
History of Recurrent Pregnancy Loss (Table 3)

Of 1the 10 cases with serological APL, three pla-
centas (3090) had mild villons fibrosis, and none
had uteroplacental vascular pathology. No villous
inlarcts were observed. Six of 10 (60%) placentas
had at least one lesion related 1o coagulation. Four
of the 6 had o single lesion only, Chronic villitis
and//or decidual vasculitis were seen in 2 of 10
(20%) cases, Two cases had no lesions.

Inspecting Tables 2 and 3. at least two of the
three previously defined categories of placental
pathology accurred in 6 of 13 (46%) cases of APL
syndrome treated with heparin or prednisone and
aspirin, compared o 3 of 10 (’n() o) ol the cases with
serological APL. Lesions seen in the 10 serological
cases also tended o be of milder severity (e, vil-

Table 2. Nature and Distribution of Placental Lesions in Patients with APL Detected and Two or More Pregnancy Losses

Uteroplacental Vascular Pathology

atient and Related Villous Lesions Coagulation-Related Lesions Chronic Inflammation

i None None None

2 Villous infarct, modoerate villous Gibrosis, Single uteroplacental thrombus None

fibrinoid necrosisfatherosis
3 Absent physiological change, Single uteroplacental thrombus None
severe villous fibrosis

4 None None Chronic villitis

5 None Excessive perivillous librin deposition None

6 None Excessive perivillous fibrin deposition None

7 Uteraplacental fibrinoid necrosisfatherosis — Multiple intervitlous thrombi,
excessive perivillous fibrin deposition,
numerous avascular villi None

8 None None Nane

Y None Excessive perivillous fibrin deposition None

10 Villous intarct, severe villous fibrosis Excessive perivillous fibrin deposition None

1 None Cxcessive perivillons fibrin depaosition, Chronic villitis,

decidual

numerous avascular villi plasma cells

12 Villous imarct Fetal stem vessel thrombi/ Chronic villitis,
numerous avascular villi uteroplacental

vasculitis
13 Multiple villous infarcts Fetal stem vessel thrombi/ Chronic villitis

numerous avascular villi




ANTIPHOSPHOLIPID ANTIBODY PLACENTAS/Salafia and Cowchock

Table 3. Nature and Distribution of Placental Lesions in Patients with APL Detected and None or One Pregnancy Loss

Uteraplacental Vascular
Pathology and Related Villous

Patient Lesions Coagulation-Related Lesions Chronic inflammation

1 None Single intervillous thrombus None

2 Mild villous fibrosis None None

3 Mild villous fibrosis Single uteroplacental thrombus None

4 None Excessive perivillous fibrin deposition None

5 None Single intervillous thrombus, single None
uteroplacental thrombus, numerous avascular
villi

6 None None None

7 Mild villous fibrosis None Chronic villitis

8 None Single utcroplacental thrombus None

9 None Single intervillous thrombus, excessive Utcroplacental

vasculitis

perivillous tibrin deposition

10 None None None

lous fibrosis) or a single lesion (e.g., wteroplacenial
vascular thrombus), compared to the cases with
APL syndrome and rvecurrent pregnancy loss.
Among cases with APL syndrome, no differences in
placental features could be identified between APL
syndrome patients treated with heparin (VN =7) and
those receiving prednisone (N = 6), or between
serological APL patients treated with aspirin or
usual care, but sample sizes were small.

Review of Placental Samples from Prior, Untreated
Pregnancies

Sixteen pregnancies were lost before 22 weeks
gestation to 12 patients subsequently determined 1o
have APL. Eleven of 12 had APL i recurrem
pregnancy loss (APL syndrome). Eleven of the 16
miscarriages aborted before 18 weeks. Six of the |
(55%) carly miscarriages had histologic evidence of
embryo death by 8 weeks” gestation, up to -1 weeks
before the clinical miscarriage. The one prior mis-

Figure 2. Placenta from 35 delivery
of AGA infant, same mother as Figure 1,
APL treated with heparin and aspirin:
Chorionic villi are well-vascularized and
numerous  (small  arrows).  Traphablast
knots are occasional. A focus of chronic
villitis {large arrows) with chronic intervil-
lositis (broad arrow) is present. Hema-
toxylin and easin stain (42 original magni-
fication).

carriage of a woman with serological APl demon-
strated histologic evidence of early embryo filure.
Chronic intervillositis was seen in 4 of 11 (369%)
miscarriages, but uteroplacental vascular pathology.
uteroplacental vascular thrombus, and placental in-
farct were not seen in any of the 11 early miscar-
riages. In contrast, 3 of the 5 (60%) miscarrviages
lost between 18 and 22 weeks' gestation had muli-
ple lesions of weroplacental vascular thrombus,
placental infarct, abruption, or weroplacenial vas-
cular pathology, compared to 6 of 13 (46%) treated
placentas with APL syndrome (Table 2) and 0 of 10
(09%) placentas with APL without clinical symptoms
(Table 3).

Figures 1 and 2 compare the histologic features
from one placenta from an untreated pregmancey
loss afier 18 weeks and the placenta from o subse-
quent successful pregnancy from the same mother
weated with heparin. In the placenta from the preg-
nancy loss, uteroplacental vascular thrombi and
resultant villous damage were widespread (Fig. 1).
In the weated pregnancy, uteroplacental viscular

RR
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thrombi were absent but chronic villitis, exien-
sive perivillous fibrin deposition, fetal stem vessel
thrombi, and avascular villi were present (Fig. 2).

DISCUSSION

Placentas delivered of women with treated APL
sndrome are not histologically novmal but show ¢i-
ther lesious that ave uncommon in nornal evm de-
liveries or more extensive lesions of the types seen
in normal term deliveries. Absence of physiological
change and fibrinoid necrosis/atherosis are rave in
normal term plicentas®™? i luve been reported
o oceur in cases of APL svndrome with fetal losst=
and in patients with systemic lupus ervthematosus
in the presence or absence of APL Some perivil-
lons fibrin deposition and occasional avascular villi
are not uncommon in term placentas,*# but exces-
sive perivillous fibrin deposition and/or multifocal
avascular villi were common in cases of APL syn-
drome and recurrent pregnancey loss despite anti-
coagulant treatment. In one patient for which an
untreated second-trimester loss and a successfully
treated pregnancy could be studied, the treated
pregnancy showed  no  uteroplacental  vascular
thrombi but prominent chronic inflammatory le-
sions and extensive perivillous fibrin deposition (a
lesion rellecting local activation ol the coagulation
cascade?Vy. Fach of the three endothelial or en-
dothelialdike surfaces in the pregouant wierus (the
maternal werine vascular endothelium, the o
phioblast lining the intervillous space, and the Teto-

placcutal endothelium) are potential targets of

APL.22 In successful APL pregnancies, the pres.
ence of excessive perivillous and invaplacental fib-
rin deposition may also reflect the effects ol APL
damaging the syncyvtiotrophaoblast,?4# as a “hall-
unrk of rejecting allografied orgauns.™ Finally, an
isolated uteroplacental thrombosis is also not un-
common at term* Heparin/prednisone plus as-
pirin given to patients with APL syndrome did not
prevent nteroplacental vasenlar thrombi, butmost
cases still delivered viable infunts, despite an occa-
sional uteroplacental vascular thrombosis. Approxi-
nuttely 40-60 placental functional nnits are sup-
plicd by more than twice that number of spiral
vessels. One uteroplacental vascular thrombus inan
otherwise intact uteroplacental circulation may
have no villous (and fetal) effects given healthy col-
Laeral flow from neighboring uteroplacental ves-
sels,

Of the 16 unwreated pregnancies [rom women
with APL, 11 were first-trimester losses with histo-
logic evidence of carly embryo failure, a finding
consistent with a greater likelihood of aneuploidy
of the conceptus.'? Uteroplacental vascular thrombi
and infarcts were rare; sampling error cannot be ex-
cluded. However, 4 of 11 (36%) had chronic inter-
villositis, while in a prior study of nonrecurrent
spontancous  pregnancy  loss  the
chronic inervillositis was 9917 This finding may
prove to be a clue to the natural evolution of this

incidence  of

disorder. Two caveats must be considered. Testing
based on the number of prior losses may identify
APL in women whose previous early miscarriages
were sporadic and unrelited o APL. Also, the ex-
cess of chronic inflammatory lesions we observed
could refleet a small sample size. Further studies of
consccutive losses in women diagnosed with AL
are needed,

This is the largest series of systematically exam-
ined placentas from pregnancies of women with
APL syndrome or serological APL. However, it is as-
scmbled from diverse sonrces. Therefore, we have
restricted the extent of statistical manipulation and
ouly future sindies with more uniform pathological
exam can determine whether its findings can be
generalized. Six ol the seven cases that were exam-
ined initially by ontside institutions were cases of
APL syndrome, and thus had fewer tissne samples
available for veview. Therefore, selection bias exists
regarding tissue sampling in this study; it would be
toward under-reporting of lesions in the APL syn-
drome group. When APL was present without a his-
tory of thrombosis or repeated pregnancy loss
(serological APL), aspirin and usual care were asso-
ciated with delivery of healthy infants with essen-
tially wormal term placentas. In APL syndrome,
antithrombotic therapy and improved  perinatal
outcome may be due to effects on the maternal cir-
culation. Nonthrombotic placental lesions, such as
chronic imflunmation, trophoblast damage, and
intaplacental cloting, may not be affecied by
therapy and may be more extensive following an-
tithrombotic therapy. These lesions may be the ve-
sult of other APL-associated mechanisms of placen-
tal damage. Early pregnancy losses in patients with
APL may reflect patient asceraimment bias, but fur-
ther studies providing uniformity of tissue sampling
and a consensus approach to pathological diagnosis
may clarify the role(s) of APL in pregnancy com-
promise.
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Abstract

Goal—To determine the structure of the relationships of the histology scores for acute intraamniotic
infection collected in the Collaborative Perinatal Project (CPP).

Materials and Methods—44,427 subjects of the CPP had complete histology scores available for
the 9 measures that related to acute intraamniotic infection (i.e., neutrophil infiltrates in umbilical
cord, amnion of extraplacental membranes and chorionic plate, decidua, chorionic plate and fetal
chorionic vessels). Confirmatory factor analysis was used to determine the relationships among the
different markers of maternal inflammatory responses (in amnion, chorion and decidua) and fetal
inflammatory responses (in umbilical cord and fetal chorionic vessels).

Results—A single CFA model could not be developed across all CPP sites. A well-fit model was
developed from the Boston site (N=10,803) and the factor loadings applied to the histology scores
from the other CPP sites. The resultant scores for the latent variables (maternal and fetal inflammatory
responses) were compared across sites. There was not only considerable variability in factor loadings,
and the signs of factor loadings were also inconsistent across sites.

Conclusion—Histopathology scores of neutrophil infiltrates performed by different observers do
not have the same interrelationships and, by extension, the latent variables they are supposed to reflect
may not be equivalent. The lack of measurement invariance renders their use as indicators of the
underlying processes of maternal and fetal inflammatory responses problematic in analysis with any
clinical outcome.

INTRODUCTION

Chorioamnionitis, the presence of intraamniotic microbial organisms triggering maternal and/
or fetal inflammatory responses, plays a significant role in reproductive and childhood
pathology. Numerous investigators have identified ascending infection as a key pathway in the
etiology of preterm birth, particularly early preterm births (less than 35 weeks gestation, as
reviewed in 1). Ascending infection has also been proposed as a potential explanatory factor
for the substantial racial disparity in risk of preterm birth. 2 Neonates born with funisitis, a

Corresponding Author: Carolyn M. Salafia M.D., M.S., Placental Analytics, LLC, 93 Colonial Avenue, Larchmont NY 10538,
Carolyn.salafia@gmail.com.
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prime histologic marker of fetal inflammatory response, are at increased risk for neurologic
handicap and cerebral palsy. 3 However, it is the minority of infants born from such
environments that develop any neurodevelopmental disorder and causal inference remains
problematic. 4 Evidence has begun to accumulate that gene-environment interactions
determine the likelihood of preterm labor and delivery and, probably, the risk of fetal injury.>

Holzman et al 6 recently and elegantly summarized the conflicting literature regarding the role
of infection diagnosed histologically in preterm birth. . In their own analysis, the choice of
inflammatory cell threshold (the number of infiltrating neutrophils required to make a diagnosis
of infection) dramatically influenced disease prevalence; the rates of histologic
chorioamnionitis ranged “from 85 percent ... to 7 percent [in term] and in PTD from 63 percent
... to 4 percent” at different inflammatory cell thresholds. © They also documented variability
in the specific tissue components included, the number of tissue samples reviewed, and the
specific features detailed (location, density, and degeneration), additional factors that would
affect the prevalence of diagnosis of histologic chorioamnionitis and by extension complicate
our understanding of its gestational effects.

Controversy remains in pathology circles regarding whether a multi-category (0-4 stage and
0-4 grading) histologic chorioamnionitis scoring system, or a more simplified system (with
fewer categories or a “present/absent” categorization) is optimal. Inter-rater reliability is
optimized with a “present/absent” system / but such a system must blur the subtleties of the
complex mix of genes, cytokines, specific bacterial and other environmental stressors that is
inflammation. How best to analyze the individual histology scores derived from the different
tissues is also controversial. Should the scores of inflammation in amnion, chorion, decidua
and chorionic plate be summed to reflect an overall “maternal inflammatory response” or
should a “threshold” level of “normal neutrophil infiltration” in sites such as subchorionic
fibrin be used to determine “intraamniotic infection greater than would be common in normal
term births?8

Summing scores does not allow finer distinctions among the relative “value” of the different
histology indicators. For example, neutrophil infiltrates in the amnion may be a stronger
indicator of histologic chorioamnionitis than, for example, decidual neutrophil infiltrates. (e.g.,
8) One can empirically assign weights to different indicator scores, and thus tinker with the
sum. Alternatively, factor analysis can be used to derive weights (or factor loadings) that reflect
the actual intercorrelations among the indicator variables. Exploratory factor analysis is
employed when little is known of the underlying structure. Confirmatory factor analysis can
be applied when we have biologically based, and theoretically derived concepts regarding the
underlying structure, which we want to test.

Given the richness of the histology data in the National Collaborative Perinatal Project (NCPP)
data, and the clinical importance of reliable and reproducible diagnoses of histologic
chorioamnionitis estimated from histologic slides, we determined to apply confirmatory factor
analysis to the histology scores related to histologic chorioamnionitis in the NCPP. Our goal
was to explore the structure of the relationships of histologic measures of the maternal and
fetal inflammatory responses, respectively, within and among institutions and observers.

MATERIALS AND METHODS

METHODS

The study and analytic sample—Subjects were a subset of the National Collaborative
Perinatal Project. Details of the study have been described elsewhere. 2 10, Briefly, from 1959
to 1965, women who attended prenatal care at 12 hospitals were invited to participate in the
observational, prospective study. At entry, detailed demographic, socioeconomic and

Placenta. Author manuscript; available in PMC 2010 November 1.
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behavioral information was collected by in-person interview. A medical history, physical
examination and blood sample were also obtained. In subsequent prenatal visits, women were
repeatedly interviewed and physical findings were recorded. During labor and delivery,
placental gross morphology was examined and samples were collected for histologic
examination. The children were followed up to seven years of age.

The analytic sample for the present analysis was derived from all delivered infants, live or
stillborn infants, irregardless of gestational age, and included both singletons and multifetal
pregnancies and these clinical data should not prejudice or bias the scoring of neutrophil
infiltrates by pathologists blinded to other clinical data. The sample was restricted to those with
complete data on the nine measures of neutrophil infiltrates that were specified by the protocol.
11 Expert pathologists at each of 12 institutions were provided a scoring sheet with a written
description of the grading scale for neutrophil infiltrates of amnion, chorion and decidua of the
membranes, amnion and chorion of the chorionic plate, umbilical artery, vein and Wharton’s
jelly, and fetal chorionic vessels (9 separate scores).

Analysis Plan

RESULTS

Our a priori understanding led us to formulate a confirmatory factor analysis with 2 latent
variables, one reflecting the maternal inflammatory response (indicated by the scores of
amnion, chorion and decidua of the membranes, amnion and chorion of the chorionic plate)
and one reflecting fetal inflammatory response (indicated by the umbilical cord and fetal
chorionic vascular scores). We fitted confirmatory factor analysis models to the data using
Mplus 4.2. 12 The data were treated as ordered categorical (that is we modeled the probability
of each response, rather than the mean of the responses). Parameters were estimated using the
weighted least squares — mean and variance corrected algorithm, this approach has been shown
to work well with categorical data.13 We followed the methods described by Joreskog, 14 first
attempting a strictly confirmatory approach and then using a model generation approach to
modify the model.

To assess model fit, we used the X2 statistic, in conjunction with its associated p-value. The
X2 statistic assesses the difference between the model and the data. Larger, and more
statistically significant values of X2 are indicative of worse model fit—worse model fitimplying
a greater mismatch between the model and the data. However, X2 suffers from well known
problems when fitting models based on large samples — specifically it has a large amount of
power to find models which differ from the data in only trivial and inconsequential amount.
Because of this, a wide range of other indices have been developed along with X to aid in
determining when good model fit has been found. For this analysis, we also used the Root
Mean Square Error of Approximation (RMSEA15), the Comparative Fit Index (CFI 16) and
the Tucker Lewis Index (TLI, also referred to as the non-normed fit index, NNFI). The RMSEA
can be thought of as a correction to X2, to account for the sample size and model complexity;
values below 0.05 are often seen as indicative of adequate fit. The CFI and TLI both compare
the X2 of the fitted model to that of the null model, the null model being the worst model that
it would be possible to have, with no relations between any of the variables 17 values above
0.95 are usually considered to show good fit. 18

Confirmatory factor analysis models can be fitted to single groups, or to multiple groups. In a
multiple group model, parameters are estimated for each group, and these parameters can then
be tested across groups using Wald tests or X2 difference tests.

We first examined the percentage endorsement of frequencies of scores for each of the 9
measures at each CPP site (Table 1). Of note, certain sites used in effect a 0-2, rather than the
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0-3 scale specified by the protocol 11, and the highest severity score was overall used
infrequently when used.

Next, Using Mplus 4.2 12, and considering the histology scores as ordered categorical variables
representing underlying continuous processes, we attempted to fit a multiple group model, with
hospital sites defining the groups. This model had convergence problems which we identified
as being related to particular sites, where measures either varied inconsistently, or were
perfectly correlated. As the Boston cohort (N=10803) was the largest of the 12, we elected to
develop a model in this cohort and then test its generalizability to the other cohorts. 12 The
close correlation between scores of neutrophil infiltrates in membrane chorion and membrane
decidua forced removal of the membrane chorion score from the model; of the two variables,
the membrane decidua score provided slightly better fit. Figure 1 shows the final model, which
had excellent fit according to established criteria (e.g. CFI, TLI each 0.999, RMSEA 0.033).
Of interest, model fit was significantly improved by removing the fetal chorionic vessel score
as an indicator of fetal inflammatory response; the covariance of this fetal indicator with
maternal inflammation was stronger than with fetal inflammation (0.848 vs. 0.693, Table 1).

We then applied this model to each of the other 11 cohorts, and achieved generally as good a
fit as for the Boston cohort. However, the loadings for the different histology scores differed
significantly from the Boston cohort (Table 2, Wald tests). In addition, comparing the loadings
for the group of indicators of maternal and fetal inflammatory responses showed that there
were multivariate significant differences from the Boston cohort. In other words, the latent
variables of maternal and fetal inflammation are not indicated by the histology scores uniformly
across the cohorts. Further inspection of the data revealed other disturbing patterns. In general,
maternal and fetal inflammatory responses tend to coincide; there may be variability in the
relative strengths of each response, but they tend to be present together. The extent of
covariance of maternal and fetal inflammatory responses was widely different among cohorts,
ranging from 0.435 (Providence) to 2.094 (Pennsylvania). Moreover the means of the latent
variables not only differed from that of the Boston cohort (indicating different prevalences of
the histology scores, which would not be unexpected), but they differed in opposite directions
(e.g., Buffalo, New Orleans, NY/Columbia, Virginia, Minnesota, NY/Medical, Oregon,
Pennsylvania, Providence and Tennessee). These comparisons are, however, difficult to
interpret because the measurements are not directly comparable across the cohorts.

Discussion

These data demonstrate that, in the CPP, individual histology scorings of neutrophil infiltrates,
markers of intramniotic infection, demonstrate significant differences in their contributions to
more general constructs of maternal inflammation and fetal inflammation. While it is possible
that demographic and genetic factors may account for part of these differences, at least some
of the variability must be due to inter-observer factors. The lack of measurement invariance
means that these scorings cannot be used to represent the same construct (or underlying
biological process) in different cohorts. In the psychometric literature this is termed
“differential item functioning”, or “DIF” 19, and threatens the validity of the measurement
instrument. In psychometrics, items showing DIF are rewritten or removed from the instrument
in order to generate measures of the latent constructs that can be generalized across groups.

Despite the measurement invariance we have identified in the graded scores of the CPP, we
strongly reject one alternative model, namely, collapsing the multiple category scoring system,
as has been suggested, because “these distinctions are of no documented clinical significance”.
7 Generally, information is expensive and difficult to collect, and should not be discarded
lightly. Certainly if the diagnostic categories are discarded, there will be no chance to document
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clinical significance moving forward. Our goals should instead be to explore methods that
allow improved reliability including image segmentation from digitized slides. 20

A more immediate and concrete criticism to collapsing the scoring system is that the neutrophil
infiltrates in amnion, chorion and umbilical cord (for example) are of interest to us only insofar
as they reflect aspects of the process of intraamniotic infection, a process we cannot otherwise
directly access. Neutrophil infiltrates are indicators of the underlying latent (and not directly
observable or measureable) variable in which we are truly interested. In modern pathology
practice, we are forced to employ categorical scores as representations of one (or more)
underlying continuous variables. However, as the categorical scale is progressively reduced
from 0-4 to 0-1, as “absent/present™), the correlation of those scores with the underlying latent
variable is also reduced.?? The simpler scale may be more “reliable” but it is less representative
of the latent/unobservable process(es) in which we are truly interested. We may trade an
appearance of reliability for a long-term limitation on the explanatory value of histology
scorings, and ultimately, their utility in both research and clinical contexts.

The HUGE project data underscore the potential disadvantages of “lumping” vs. “splitting’
with regard to such information. The understanding that genetic polymorphisms modify aspects
of the maternal and fetal inflammatory responses to a commonly perceived intraamnmiotic
infectious stimulus is relatively recent. 23 All histologic scores may not be created equal; some
neutrophilic infiltrates may represent an “uphill battle” with gene polymorphisms that would
down-regulate inflammatory responses. Other inflammatory responses may have been
facilitated by the genetic environments of the mother, the fetus or both. Collapsing a continuous
process (recruitment of neutrophils and diapedesis from their site of origin) into, at the extreme,
present vs absent 7 precludes ever disentangling the complex interplay between maternal and
fetal genetic capacities and the infectious stimulus.

As noted above, chorioamnionitis, defined as the presence of intraamniotic microbial
organisms triggering maternal and/or fetal inflammatory responses, plays a significant role in
reproductive and childhood pathology. While risk of morbidity rises with severity of
inflammation, most infants will not experience adverse outcomes. This suggests that the key
exposure is heterogeneous and that the heterogeneity is not reflected in commonly used
summary measures of infection. The underlying process of acute intraamniotic infection is
physiologically complex, involving cytokines, chemokines, prostanoids, proteases, matrix
metallo-proteinases, and almost innumerable other biologically active compounds. Is the
categorical quantification of neutrophils the only facet of inflammation that is physiologically
relevant to the outcomes that have been associated with acute intraamniotic infection? It is not
unreasonable to suggest that the answer to this question may be “No”. Rather than collapsed
into fewer categories, histology scoring may need to be expanded to cover other features (such
as connective tissue characteristics, fibroblast proliferation, neutrophil karyorrhexis) that may
mark other facets of the complex pathophysiology of intraamniotic infection.

We propose that perinatal researchers should, to use a worn but appropriate cliché, step outside
the box and consider alternative approaches to both measurement of histology slides that would
yield adequate reliability to allow cross-institutional analysis of the latent construct (s) involved
in intraamniotic infection and ultimately to achieve a fuller understanding of the infection-
preterm birth pathway.
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Figure 1.

Path diagram of the best-fit model for the relationships of scores of neutrophil infiltrates in the
specified placental tissues, developed in Boston cohort and applied across study sites (see Table
2)
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Frequencies of histology scores by study site
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Factor analysis scores, using Boston fitted model, across study sites.
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Abstract

Goal—Inclinical practice, variability of placental surface shape is common. We measure the average
placental shape in a birth cohort and the effect deviations from the average have on placental
functional efficiency. We test whether altered placental shape improves the specificity of
histopathology diagnoses of maternal uteroplacental and feto-placental vascular pathology for
clinical outcomes.

Materials and Methods—1225 placentas from a prospective cohort had chorionic plate digital
photographs with perimeters marked at 1-2 cm intervals. After exclusions of preterm (n=202) and
velamentous cord insertion (n=44), 979 (95.7%) placentas were analyzed. Median shape and mean
perimeter were estimated. The relationship of fetal and placental weight was used as an index of
placental efficiency termed “B”. The principal placental histopathology diagnoses of maternal
uteroplacental and fetoplacental vascular pathologies were coded by review of individual lesion
scores. Acute fetal inflammation was scored as a“negative control” pathology not expected to affect
shape. ANOVA with Bonferroni tests for subgroup comparisons were used.

Results—The mean placental chorionic shape at term was round with a radius estimated at 9.1 cm.
Increased variability of the placental shape was associated with lower placental functional efficiency.
After stratifying on placental shape, the presence of either maternal uteroplacental or fetoplacental
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vascular pathology was significantly associated with lower placental efficiency only when shape was
abnormal.

Conclusions—Quantifying abnormality of placental shape is a meaningful clinical tool. Abnormal
shapes are associated with reduced placental efficiency. We hypothesize that such shapes reflect
deformations of placental vascular architecture, and that an abnormal placental shape serves as a
marker of maternal uteroplacental and/or fetoplacental vascular pathology of sufficiently long
standing to impact placental (and by extension, potentially fetal) development.

Introduction

The chorionic plate of the human placenta is commonly depicted as round, with the umbilical
cord inserted roughly at the center [1]. However, in clinical practice, the shape of the chorionic
disk is rarely truly circular; its shape commonly varies, from round to oval, bi- or multi- lobate,
or otherwise irregular. The shape of the placenta is thought to be influenced by where it is
implanted in the uterus, regional variations in the decidua (that may determine areas of atrophy),
variations in maternal vascular supply (with placental infarcts resulting in altered shape) and
perhaps even the “manner of its original implantation” [1]. Benirschke states that “the
mechanism by which [non-round shapes] develop is unclear”, although “much supports the
notion of a secondary conversion from more normal placentation” [1]. In a recent paper [2],
we have related this variability in chorionic plate shape to the structure of the underlying
placental vascular tree. We can reliably produce multilobate and regularly irregular shapes by
changing a parameter that negatively affected the angiogenesis of the model placental
vasculature. Furthermore, our empirical results [2] suggest that the earlier in gestation a
placental pathology begins, the more likely it is that the effect on placental vascular branching
growth will result in a distortion of the placental shape.

In view of the connection between the shape of the chorionic plate and the structure of the
chorionic villous tree, it is particularly important to understand what a normal placental shape
is and how to measure deviations from the norm. In this paper we use several different
techniques to describe an average surface shape for placentas delivered at term. We develop
several specific measurements of the deviation from the average which are both practical to
implement clinically, and statistically reliable. We further investigate how a deviation from
the average placental shape affects the functional efficiency of the placenta, in terms of the
birth weight of the baby for a given placental weight.

We then proceed to apply our techniques as a diagnostic tool for the two principal types of
vascular pathology that have been described in the placenta, maternal uteroplacental and feto-
placental vascular pathology. Placental histopathology diagnoses have been used by clinicians
to diagnose these disorders for almost 50 years since the seminal protocol published by Dr.
Kurt Benirschke [3]. Refinements have been made, especially in the recognition of a broad
range of fetoplacental and uteroplacental vascular lesions e.g. [4], and in attempts to standardize
diagnostic criteria [5-7].

Based on the findings of [2], we have hypothesized that either fetoplacental or maternal
uteroplacental vascular pathology that is sufficient to alter placental chorionic plate shape will
affect placental function. We predict that fetoplacental or maternal uteroplacental vascular
pathology features will have a measureable effect on placental function only when placental
chorionic surface shape is abnormal. To test this hypothesis, we have compared the effects of
maternal-uteroplacental or fetoplacental vascular pathology on placental functional efficiency
in cases with round as compared to irregular shaped chorionic plates.
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Materials and Methods
Placental Cohort

Software

The Pregnancy, Infection, and Nutrition Study is a cohort study of pregnant women recruited
at mid pregnancy from an academic health center in central North Carolina. Our study
population and recruitment techniques are described in detail elsewhere [11]. Briefly,
beginning in March 2002, all women recruited into the Pregnancy, Infection, and Nutrition
Study were requested to consent to a detailed placental examination. As of October 1, 2004,
94.6 percent of women consented to such examination. Of those women who consented, 87
percent had placentas collected and photographed for image analysis. Of the 1,225 consecutive
placentas collected, 202 were delivered pre-term and were excluded. An additional 44 cases
were excluded from the present manuscript because the umbilical cord insertion was
velamentous; this was not amenable to our mathematical methods which assume that the cord
was inserted on the chorionic plate, to be able to center the placenta on the cord insertion point.
This left N=979 cases for analysis.

Placental gross examinations, histology review, and image analyses were performed at
EarlyPath Clinical and Research Diagnostics, a New York State-licensed histopathology
facility under the direct supervision of Dr. Salafia. The institutional review board from the
University of North Carolina at Chapel Hill approved this protocol.

The fetal surface of the placenta was wiped dry and placed on a clean surface after which the
extraplacental membranes and umbilical cord were trimmed from the placenta. The fetal
surface was photographed with the Lab ID number and 3 cm. of a plastic ruler in the field of
view using a standard high-resolution digital camera (minimum image size 2.3 megapixels).
Actrained observer (D.H.) captured series of x,y coordinates that marked the site of the umbilical
cord insertion and the perimeter of the fetal surface. The perimeter coordinates were captured
at intervals of between 1cm and 2cm, and more coordinates were captured if it appeared
essential to accurately capturing the shape of the fetal surface.

Numerical calculations were carried out using mean-placenta, a Unix-based, ANSI C, software
package developed under the terms of the GNU General Public License as published by Free
Software Foundation. For visualizations we have used PovRay: a freeware ray tracing program
available for a variety of computer platforms; and Maplesoft Maple 9.0 Math & Engineering
software.

Placental histopathology diagnoses

Placental disease was characterized by gross and microscopic examination of the placenta and
decidua. Histology samples were taken from a minimum of four independent sites in the
placental parenchyma; diagnoses were assigned to 1 of 3 categories as outlined by Salafia et
al. [12-14].

Fetal inflammatory response in umbilical cord and chorionic plate vessels (as a “negative
control) and maternal uteroplacental and/or feto-placental vascular lesions were recorded. For
the purposes of this study, a fetal inflammatory response was considered present when there
was any fetal inflammatory response (ie, umbilical vasculitis, funisitis, or fetal chorionic
vasculitis); these lesions have been shown to be present in <1% of uncomplicated term births.
Maternal uteroplacental vascular pathology was diagnosed in cases by 2 routes: (1) all placentas
with at least 1 nonmarginal placental infarct (>2 cmfrom the nearest margin) >1cm? in volume
and (2) cases with summary scores of histologic items of syncytial knotting, syncytial
basophilia, villous fibrosis, and excess perivillous fibrin deposition with cytotrophoblast
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proliferation (each scored on a 0—4 scale, as previously described [12-15]) greater than the
birth cohort median value of 7. Fetoplacental vascular lesions included chorionic and fetal stem
vessel mural thrombi, the “hemorrhagic endovasculitis” group of lesions, and avascular villi
present in clumps of 50 villi. All placentas were examined by a single expert pathologist
(C.M.S.), who was blinded to the patient characteristics when reviewing the placental
pathologic findings. For purposes of analysis, the two vascular pathologies and fetal acute
inflammatory responses were coded as present vs not present.

Calculating the mean shape of the chorionic plate

Asquare grid of 500x500 pixels was superimposed on the images of the placentas in the sample,
each of which was rescaled to the actual size as reflected by the ruler in the field of view The
size of one pixel was chosen to equal 0.1cm, so the total coverage of the grid was a square of
50x50 cm?. The insertion point of the umbilical cord was placed at the center of the square,
and the point on the placental perimeter closest to the rapture of the amniotic sac was placed
on the negative vertical axis, for consistency.

For each of the placentas in the dataset, all the pixels inside of the placental perimeter, including
those intersecting with the boundary, were marked. Thus, for each placenta, an approximate
area covered by it was obtained as the union of the marked pixels. For the n-th placenta in the
dataset, we denote S, the region of the 50x50-square, which is covered by its surface. W,
denotes the union of the marked pixels for this placenta, so that the edge of W, is no more than
the size of one pixel (0.1cm) removed from the edge of Sy,. To calculate the mean shape of the
chorionic plate, for each pixel p(x,y), x=1...500, y=1...500 of the grid, we marked the total
number t(x,y) of the placentas for which p(x,y) lies in W, The central pixels will thus be covered
by all of the placentas, that is t(x,y)=N (the total number of placentas in the dataset) for
X,y=250, and the peripheral ones will be covered by very few.

We let Wi edian be the union of all pixels p(x,y) with t(x,y)>N/2.It is thus the median shape of
the chorionic plate in our sample.

Calculating the mean placental perimeter

To calculate the mean chorionic plate perimeter, the insertion point of the umbilical cord was
again placed at the origin, and the point on the perimeter closest to the rupture of the amniotic
sac was positioned on the negative vertical axis. The perimeters of the placentas in the dataset
were rescaled to the real size. The points in the perimeter were then averaged inside a sector
of 18°, thus obtaining 20 radial markers for each placenta (see Figure 2). Each of the markers
was then averaged over the whole dataset, thereby giving 20 mean placental radii from the
umbilical insertion point spaced at 18° angular intervals. Averaging these 20 mean radii we
obtain the mean placental radius Ryean from which the perimeter is readily calculated.

Measuring the deviation of the placental perimeter from the mean

We have used two measurements of the deviation from the mean placental shape. The first
one, which we call sigma, is the mean square deviation of the 20 perimeter radial markers from
the mean radius Rnean. The second one is based on the difference between the median placental
shape Wedian and the pixellated chorionic plate shape Wy, of the n-th placenta in our dataset.
We add up the area of all the pixels which are covered by one of the shapes Wmedian, Wn but
not by both of them at the same time. We call this total area the symmetric difference between
the placental shape and the mean.
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Measuring placental eccentricity

As a measure of placental eccentricity, for each placenta in the dataset we found the farthest
and closest of the 20 radial markers, and calculated the ratio of the distances to them from the
umbilical insertion point: E,=Dmax/Dnin. For around placenta with centrally inserted umbilical
cord, the value of eccentricity is 1.

Placental Functional Efficiency (B)

We have previously shown that placental weight is proportional to birth weight to the % power
[8,9]. We suggested that such fractional scaling is due to the fractal structure of the placental
vasculature, and introduced a scaling exponent describing placental functional efficiency (in
terms of birth weight yielded per gram of placental weight). This scaling exponent, which we
termed B, is defined as the ratio of the logs of placental weight and birth weight (3 = log PW/
log BW) [8,9]. Thus, as B increases, the placental size is greater relative to birth weight
(implying reduced placental functional efficiency), and as p decreases, the birth weight is
relatively larger for the given placental weight (indicating greater placental efficiency).

Statistical analysis

Results

Contingency tables compared categorical variables. Sigma, symmetric difference, and beta are
each normally distributed. ANOVA was used to test for differences between histopathology
diagnostic categories and the continuous outcomes. Pearson correlations tested for
relationships between continuous variables. Multivariate comparisons were performed using
linear regression.

Mean placental shape

The median chorionic plate shape is round, as seen in Figure 1. We calculated the mean radius
of a pixel on the boundary of Wyegian from the umbilical insertion point as 9.066 cm (range
8.76— 9.46 cm, mean square deviation 0.181cm, or 2%).We have also calculated the shapes
W00, and Wsqo, Which correspond to the values of t(x,y) greater than 0.4N and 0.3N,
respectively. They are also round (Figure 1).

Averaging of the 20 placental radial markers is illustrated in Figure 2. This procedure also
yields a round shape with mean average chorionic plate radius Rmean=9.01cm. The mean value
for each of the 20 marked radii were within 3.3% of the average chorionic plate radius (range
8.71- 9.27cm, and mean square deviation (0.18cm or 1.9%).

We have calculated the average area of the region covered by the chorionic plate shape as the
arithmetic mean of chorionic plate area as Amean=285.58cm?, standard deviation of
60.78cm? or 21.2%, range 135.03cm? and the maximal value 649.44cm?2. While the standard
deviation appears large, recall that for a disk of radius R, the change of radius by AR changes
the area by approximately 2z-AR. Thus even if our placentas were all round, a 21.2% variance
of the area would correspond to less than 3.4% of radial variance. Note that Ayean i the area
of a disk with radius Rarea=9.53cm, which can viewed as another measurement of the mean
placental radius.

We have calculated the average radius Ry, of a chorionic plate in our dataset by averaging the
20 radial markers obtained as described above. The standard deviation of R,, from the mean
value Rpean=9.01cm is 1.07cm, or 11.8%. Thus both the chorionic plate area, and the outer
radius from the umbilical insertion point have tight distributions with narrow standard
deviations. The 95% confidence intervals for chorionic plate area and chorionic plate radius
are [281.77cm2, 289.38 cm?] and [8.94 cm, 9.07 cm] respectively.
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Average placental eccentricity

Mean value of placental eccentricity in our birth cohort is Eyean =1.68; median value is
Emedian =1.49. This indicates that deviations from the mean round shape are common for
placentas in our dataset.

Placental histology features

As noted above in Methods, the principal pathology (most prominent pathology process) was
used as the key variable in analysis with the 463 (47% of the total 979 case) cases with any of
the histopathology types as defined above. Acute inflammation was considered the “principal”
pathology in 83 cases; maternal uteroplacental vascular pathology in 167 cases and
fetoplacental vascular pathology in 134 cases Of these 62 had both maternal uteroplacental
and fetoplacental vascular pathology.

Histopathology diagnoses and placental shape (deviation measures)

No pathology diagnosis was associated with either sigma or with symmetric difference (all
p>0.10).

Histopathology diagnoses and placental functional efficiency (B)

Vascular pathology was correlated with increased B (p<0.0001), specifically, maternal
uteroplacental vascular pathology (absent 0 .748 + 0.020 v. present 0.754 + 0.023, p=0.002)
and fetoplacental vascular pathology (absent 0.748+0 .020 v. present 0.755 + 0.022, p=0.001).
The combined presence of both maternal uteroplacental and fetoplacental vascular pathologies
did not have a greater effect on p (0.754 + 0.022) than when each pathology was analyzed
alone. Acute inflammation was not associated with a difference in p.

Placental shape and placental functional efficiency (B)

Sigma and symmetric difference were both significantly correlated with 8, with p =0.138 and
0.209 respectively, consistent with previously reported results in which we used an alternative
method for analysis of irregularity of placental shape [9,10].

Histopathology diagnosis associations with placental functional efficiency: Modification by
placental shape (Table 1)

Stratifying the cohort into those with sigma less or greater than the mean (regular versus more
irregular shapes), maternal uteroplacental and fetal fetoplacental vascular pathology were
correlated with an increased B only in the cases with greater sigma (more irregular shape,
p=0.006 and p=0.004, respectively). Finally, consistent with the unstratified analyses, acute
inflammation was not associated, in either direction, with 3 regardless of placental shape.

Discussion

In previous work [2], we have shown that the placental chorionic surface shape closely mirrors
the pattern of chorionic vascular growth. Burgeoning ultrasonography literature has linked
various detectable markers of atypical placental shape to later significant fetal morbidity and/
or mortality, making quantification of placental shape imperative.

Our measurements demonstrate that the average placental shape is a disk centered at the
umbilical insertion point. This may have been conventionally believed, yet at a closer
examination, several aspects of the results are notable. Firstly, very few placentas appear truly
round with a centrally inserted umbilical cord. Variability of shape is the norm. This is
manifested in our measurements of mean and median placental eccentricity, which are 1.68
and 1.49 respectively, reflecting a typically significant deviation from a round placental shape
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with a centrally inserted umbilical cord. Yet, these deviations are equally likely to happen in
every direction, so they cancel each other in the average. This is confirmed by observing the
shapes W09, and Wagg,, Which average large deviations from the mean (Figure 1). To make
these observations, it is of a vital importance that placental surface pictures in the dataset have
been given a fixed, biologically consistent orientation — and thus no bias has been introduced
into the directionality of perturbations of the shape.

The second important point is the impressive agreement of the different methods of
measurement which we have used on what the average placental shape is: a disk centered at
the umbilical insertion point with radius of about 9cm. This, and tight confidence intervals for
the measurements, imply that quantifying the abnormality of the placental shape is meaningful
in practice, and is little affected by the technique chosen.

We see a significant correlation between large deviations of the placental shape from the mean
and reduced placental efficiency, quantified as a larger scaling exponent  (smaller birth weight
for the given placental weight). This confirms the hypothesis we developed in [2,8,9]: an
abnormal placental shape is associated with an altered placental vascular architecture, which
in turn is associated with a reduced functional efficiency.

Turning to the specific diagnostic value of measuring the placental surface shape, we have
demonstrated its utility in improving the specificity of placental histology diagnoses for clinical
outcomes. In this study, maternal uteroplacental and fetoplacental vasculopathies only affected
B (measure of placental functional efficiency) when placental shape was irregular, consistent
with perturbation of placental vascular growth at point(s) across gestation [2].

Our results can thus be interpreted as showing that deviations of the placental shape from the
mean marks an adverse effect of either maternal uteroplacental vascular pathology or
fetoplacental vascular pathology on the fetoplacental development, as measured by placental
functional efficiency (B). In combination with our empirical growth model of the placental
vasculature [2], these data suggest that the combination of histopathology diagnosis of either
maternal uteroplacental or fetoplacental vascular pathology with greater shape deviation
represents either a longer standing disease process, a more severe disease process, or both.
Adding shape deviation to the clinical diagnostic tool kit should improve diagnostic specificity
and clinical understanding.

Acute intraamniotic inflammations were not associated with either abnormal placental
efficiency or abnormal shape. These processes are generally believed to arise close to delivery,
being analyzed in relation to factors that are counted in minutes or hours [e.g., 16,17]. In
agreement with our DLA model of placental vascular growth [2], they appear to be of an
insufficiently long duration to have any measurable effect on the placental vascular growth,
and hence placental shape.

Limitations of our work are two-fold. The first is computational. We excluded velamentous
umbilical cords as the necessary measurements could not be made and therefore we were
missing crucial data to compute area and radius. We would speculate that these most
asymmetric examples of placental growth would be on the extreme end of the continuum we
have analyzed moving from centrally sited cords to more and more peripherally located cords.
However, our mathematical methods require centering the placental image on the umbilical
cord insertion point. Secondly, histopathology diagnoses remain subjective with problematic
interrater reliability. While a single rater performed these assessments blinded to all data except
gestational age, we recognize that these diagnoses might not be duplicated by a second
reviewer. We maximized potential interrater reliability by dichotomizing the measures as
others have done [5-7]. However, the relatively new capacity to digitize an entire histology
slide, making it amenable to image analysis techniques, offers the potential for automated,
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reliable and more quantitative measures. We have currently demonstrated that such an
approach is amenable to diagnoses of acute inflammation [18], and expect that other diagnostic
pathologies will follow.

Conclusions

Different mathematical approaches estimated that the mean placental surface shape is a disk
centered at the umbilical insertion point with radius of ~ 9cm. The confidence limits provided
herein can be useful clinical tools in determining what are the key diagnostic elements of
placental pathology, both gross and histologic, that affect placental function.

Combined with a simply calculated measure of abnormal placental shape, the impact of
vascular pathology (either maternal uteroplacental or fetoplacental) on placental function
depended on placental shape. A burgeoning ultrasonography literature has linked various
detectable markers of atypical placental shape to later significant fetal morbidity and/or
mortality, thus making a deeper understanding of the genesis of placental shape imperative.

Acknowledgments

This work was partially supported by NSERC Discovery Grant (M. Yampolsky), by NARSAD Young Investigator
Award (C. Salafia), by K23 MidCareer Development Award NIMH K23MHO06785 (C. Salafia).

References

1. Benirschke, K.; Kaufmann, P.; Baergen, R. Pathology of the Human Placenta. 5th ed.. VVol. Chapter
7. New York, New York: Springer Verlag; 2006. Architecture of Normal Villous Trees; p. 121-159.

2. Yampolsky M, Salafia CM, Shlakhter O, Haas D, Eucker B, Thorp J. Modeling the variability of shapes
of a human placenta. Placenta 2008;29:790-797. [PubMed: 18674815]

3. Benirschke K. Examination of the placenta. Prepared for the Collaborative Study on Cerebral Palsy,
Mental retardation and other Neurological and Sensory Disorders of Infancy and Childhood, National
Institute of Neurological Diseases and Blindness, US Department of Health, Education and Welfare,
Public Health Service. 1961

4. Sander CM, Gilliland D, Akers C, McGrath A, Bismar TA, Swart-Hills LA. Livebirths with placental
hemorrhagic endovasculitis: interlesional relationships and perinatal outcomes. Arch Pathol Lab Med
2002;126(2):157-164. [PubMed: 11825110]

5. Redline RW, Faye-Petersen O, Heller D, Qureshi F, Savell V, Vogler C. Society for Pediatric
Pathology, Perinatal Section, Amniotic Fluid Infection Nosology Committee. Amniotic infection
syndrome: nosology and reproducibility of placental reaction patterns. Pediatr Dev Pathol 2003;6(5):
435-448. [PubMed: 14708737]

6. Redline RW, Boyd T, Campbell V, Hyde S, Kaplan C, Khong TY, Prashner HR, Waters BL. Society
for Pediatric Pathology, Perinatal Section, Maternal Vascular Perfusion Nosology Committee.
Maternal vascular underperfusion: nosology and reproducibility of placental reaction patterns. Pediatr
Dev Pathol 2004;7(3):237-249. [PubMed: 15022063]

7. Redline RW, Ariel I, Baergen RN, Desa DJ, Kraus FT, Roberts DJ, Sander CM. Fetal vascular
obstructive lesions: nosology and reproducibility of placental reaction patterns. Pediatr Dev Pathol
2004;7(5):443-452. [PubMed: 15547768]

8. Salafia CM, Misra DP, Yampolsky M, Charles AK, Miller RK. Allometric metabolic scaling and fetal
and placental weight. Placenta 2009;30(4):355-360. [PubMed: 19264357]

9. Salafia CM, Yampolsky M. Metabolic scaling law for fetus and placenta. Placenta 2009;30(5):468—
471. [PubMed: 19285342]

10. Yampolsky M, Salafia CM, Shlakhter O, Haas D, Eucker B, Thorp J. Centrality of the umbilical cord

insertion in a human placenta influences the placental efficiency. Placenta 2009;30(12):1058-1064.
[PubMed: 19879649]

Placenta. Author manuscript; available in PMC 2011 November 1.



yduosnuepy JoyINy vd-HIN yduosnuel JoyINy Yd-HIN

yduosnuep Joyiny vd-HIN

Salafia et al.

11.

12.

13.

14.

15.

16.

17.

18.

Page 9

Savitz DA, Dole N, Williams J, et al. Determinants of participation in an epidemiological study of
preterm delivery. Paediatr Perinat Epidemiol 1999;13:114-125. [PubMed: 9987790]

Salafia CM, Vogel CA, Bantham KF, Vintzileos AM, Pezzullo J, Silberman L. Preterm delivery:
Correlations of fetal growth and placental pathology. Am J Perinatol 1992;9:190-193. [PubMed:
1575840]

Salafia CM, Lopez-Zeno JA, Sherer DM, Whittington SS, Minior VK, Vintzileos AM. Histologic
evidence of old intrauterine bleeding is more frequent in prematurity. Am J Obstet Gynecol
1995;173:1065-1070. [PubMed: 7485294]

Salafia CM, Ernst LM, Pezzullo JC, Wolf EJ, Rosenkrantz TS, Vintzileos AM. The very low
birthweight infant: Maternal complications leading to preterm birth, placental lesions, and
intrauterine growth. Am J Perinatol 1995;12:106-110. [PubMed: 7779189]

Baker AM, Braun JM, Salafia CM, Herring AH, Daniels J, Rankins N, Thorp JM. Risk factors for
uteroplacental vascular compromise and inflammation. Am J Obstet Gynecol 2008 Sep;199(3)
256.e1-9.

Park HS, Romero R, Lee SM, Park CW, Jun JK, Yoon BH. Histologic Chorioamnionitis is More
Common after Spontaneous Labor than after Induced Labor at Term. Placenta. 2010 Jul 21; [Epub
ahead of print.].

Rouse DJ, Weiner SJ, Bloom SL, Varner MW, Spong CY, Ramin SM, Caritis SN, Peaceman AM,
Sorokin Y, Sciscione A, Carpenter MW, Mercer BM, Thorp JM Jr, Malone FD, Harper M, lams JD,
Anderson GD. Eunice Kennedy Shriver National Institute of Child Health and Human Development
Maternal-Fetal Medicine Units Network. Second-stage labor duration in nulliparous women:
relationship to maternal and perinatal outcomes. Am J Obstet Gynecol 2009 Oct;201(4) 357.e1-7.
Thomas, KA.; Sottile, MJ.; Salafia, CM. Unsupervised Segmentation for Inflammation Detection in
Histopathology Images. In: EImoataz, A., et al., editors. ICISP 2010, LNCS 6134. 2010. p. 541-549.

Placenta. Author manuscript; available in PMC 2011 November 1.



yduosnuepy JoyINy vd-HIN yduosnuel JoyINy Yd-HIN

yduosnuep Joyiny vd-HIN

Salafia et al.

Page 10

Figure 1.
Median placental shape Wpedian (Smallest disk) and W4q9s, W3g9, (two larger disks). The
position of the insertion point of the umbilical cord is in the center of the picture.
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Figure 2.

Calculation of the 20 radial markers for one of the placentas in the dataset. The solid contour
marks the perimeter of the placental surface. The 20 radial sectors emanate from the umbilical
insertion point. Each marker is indicated with a small circle. It averages the distance from the
perimeter curve to the insertion point within the sector.
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Figure 3.
The positions of the 20 mean perimeter markers, connected to show the mean placental

perimeter. The umbilical insertion point is at the origin.
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Effect of histopathology diagnoses on placental functional efficiency, stratifying on placental shape

Mean placental efficiency (95% Confidence Interval)

SHAPE

Round

(Sigma less than mean)

Irregular

(Sigma greater than or equal to mean)

Present Absent Compare means | Present Absent Compare means
(ANOVA) (ANOVA)
Fetal Acute Inflammation (n=118) 0.748, (0.743,0.754) | 0.747, (0.745,0.749) | P=0.51 0.75, (0.71, 0.84) 0.75, (0.68, 0.84) P=0.86
Maternal uteroplacental vascular pathology (n=303) | 0.750 (0.745, 0.754) | 0.746 (0.744,0.748) | P=0.16 0.758 (0.752, 0.763) | 0.750 (0.748, 0.753) | P=0.006
Fetal-placental vascular pathology (n=232) 0.751 (0.747,0.755) | 0.746, 0.744,0.748) | P=0.08 0.759 (0.753, 0.766) | 0.750 (0.748,0.753) | P=0.004

Sigma = measure of deviation from a circle, see text.

Round defined as > mean sigma; irregular defined as < mean sigma.
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